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Abstract 
  
 This dissertation focuses on the investigation of electrochemical interfaces at the molecular 
level. Various systems including fuel cells, batteries, and electroplating are examined with in situ 
surface measurement techniques and density functional theory calculations. Experimental and 
computational studies presented herein will provide a fundamental understanding of the 
electrochemical systems examined and guide the field toward practical improvements.  
 Electrochemical Surface Stress Development during CO and NO Oxidation on Pt:  
Dynamic processes on the surface can be monitored through the use of in situ electrochemical 
surface stress measurements. With this technique, electrochemical oxidation of CO and NO on Pt 
is examined and the experimentally measured surface stress behavior is successfully explained at 
a molecular level through DFT calculations. The changes in the surface stress response, Δstress, 
demonstrate the interplay between the adsorbed species during the oxidation process, which is 
determined by the coverage and the nature of the adsorbates. During the oxidation of CO on Pt, 
COads reacts with adjacent OHads and removal of COads results in a tensile surface stress (surface 
contraction). Concurrently, adsorption of OHads induces a compressive surface stress (surface 
expansion). This opposite Δstress from the removal of COads and the adsorption of OHads give rise 
to an inflection point in the stress profile during the oxidation. On the other hand, oxidation of 
another strongly bound diatomic adsorbate NOads shows a continuous compressive Δstress 
throughout the oxidation process. This difference in the stress profile is attributed to replacement 
of NOads by the oxidation product, NO3, instead of complete desorption as NO3
-, and therefore 
compressive Δstress from the oxide and hydroxide on the surface dominates.  
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 In Situ Surface Stress Measurement and Computational Analysis Examining the Oxygen 
Reduction Reaction on Pt and Pd:  Dynamic electrochemical surface stress response during the 
oxygen reduction reaction (ORR) on Pt and Pd cantilever electrodes in HClO4 and KOH was 
examined to elucidate surface binding configurations during O2 reduction electrocatalysis. Upon 
reduction of O2, the surface of Pt exhibits a compressive surface stress response, ΔStress, in both 
acid and base electrolytes due to adsorption of the ORR reactant and intermediates (O2, O, and 
OH). The magnitude of compressive ΔStress on Pt is greater in acid relative to base. On the other 
hand, the surface of Pd exhibits a negligible ΔStress in acid and a slight compressive ΔStress in 
base. Thus, magnitudes of the compressive ΔStress (surface expansion) during the ORR follow 
the order of Pt (acid) > Pt (base) > Pd (base) > Pd (acid) ~ 0. Density functional theory (DFT) 
calculations of adsorbate-induced excess surface stress on Pt(111) and Pd(111) surfaces imply a 
greater compressive surface stress induced on Pt(111) for nearly all adsorbate geometries 
examined. This trend, which agrees with the experimental observations, can be correlated to a 
greater tensile intrinsic surface stress of Pt(111) relative to Pd(111) resulting from difference in 
bond strength and bulk modulus of two metals. On stepped Pt(221) and Pd(221) surfaces, both the 
intrinsic tensile stress of the clean surface and the adsorbate-induced excess compressive stress are 
significantly reduced due to the presence of less coordinated, flexible step sites. Moreover, this 
difference between surface stress at terrace and step sites is more pronounced on Pt, which exhibits 
a greater intrinsic surface stress.  
 Dynamic Surface Stress Response during Reversible Mg Electrodeposition and Stripping:  
Behavior of Mg battery electrolytes at the anode/electrolyte interface during Mg deposition and 
stripping process is studied using the electrochemical surface stress measurements. Four 
electrolytes electrolytes are examined in this section: PhMgCl+AlCl3/THF, (DTBP)MgCl–
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MgCl2/THF, MgCl2+AlCl3/THF, and Mg(BH4)2+LiBH4/diglyme. Each of these electrolytes 
exhibits common surface stress response features, indicating that the mechanisms of Mg deposition 
and stripping are similar among the different electrolytes. Combining the measurements with 
density functional theory calculations, each part of the stress-potential curve is assigned to steps 
in the deposition and stripping reactions. The analysis suggests the following mechanism: (1) 
Mg2+/anion/solvent complexes adsorb on the substrate prior to the deposition, reaching a saturation 
coverage; (2) Mg deposits as random nuclei and the deposition continues without a 
recrystallization process; (3) during the initial stage of Mg stripping, less coordinated Mg(0) is 
converted to soluble Mg(II) species and/or to partially oxidized species, MgOx; (4) as the anodic 
reactions proceed further, less reactive Mg planes are oxidized and MgOx species are removed via 
chemical processes; (5) due to the strong interaction between Mg and the noble metal substrate 
atoms, the Mg layer directly bound to the substrate are the last to be anodically converted (and 
desorb). 
  Glycerol Oxidation Products on Silver Probed using In Situ Surface-Enhanced Raman 
Spectroscopy and Two-Dimensional Correlation Spectroscopy:  Electrochemical oxidation of 
glycerol on Ag catalyst and the oxidation products are evaluated using in situ surface-enhanced 
Raman spectroscopy (SERS). The SER spectra exhibit following vibrational modes during 
glycerol oxidation: (1) presence of carboxylate group; (2) presence of ν(C–C) along with ν(C–
COO-), suggesting presence of three carbon atoms in the oxidation product molecule; (3) presence 
of methylene group; and (4) absence of ν(C=O) around 1700 cm-1, and hence absence of aldehydes 
and ketones. From these considerations, the major oxidation product candidates can be narrowed 
down to glyceric acid and glycolic acid. Moreover, by analyzing the potential dependent intensity 
variations of the peaks in SER spectra and their correlations using two-dimensional correlation 
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spectroscopy (2DCOS), changes in the adsorbate configurations are examined. At negative 
potentials (< 0.3 V), interactions between Ag and alkyl groups in neutral glycerol molecules 
dominate on the electrode surface. The C–H vibrational modes exhibit a considerable redshift, 
indicating a strong interaction between the alkyl groups and Ag surface, possibly involving charge 
transfer. As the electrode potential becomes more positive, direct C–H∙∙∙Ag interactions are 
removed initially and all alkyl groups near the surface are eventually replaced with carboxylate 
groups from oxidation products as glycerol oxidation begins ca. 0.7 V. These carboxylate groups 
exhibit different binding configurations upon varying electrode potentials: at less positive 
potentials C=O∙∙∙Ag interaction is favored and at more positive potentials C–O∙∙∙Ag and COO-
∙∙∙Ag interactions are observed.  
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Chapter 1 
 
Introduction 
 
1.1 Electrochemical Interfaces 
 Electrochemistry is the interconversion of electrical energy and chemical energy: electrical 
energy induces chemical changes, and these chemical changes create electrical energy.1 Such 
charge transfer reactions occur at the electrode/electrolyte interface, where species in the 
electrochemical system lose electron(s) (i.e. oxidized) at the anode and gain electron(s) (i.e. 
reduced) at the cathode (Figure 1.1). Thus, to make progress in various electrochemical systems 
ubiquitous in our daily lives, such as energy conversion and storage devices (e.g. fuel cells and 
batteries) and metal electroplating techniques (e.g. Cu interconnects), it is essential to understand 
their dynamic electrochemical interfaces.  
 
Figure 1.1. Description of (a) electrochemical system and (b) electrode/electrolyte interface at the 
anode2.  
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1.2 Electrochemical Energy Conversion and Storage Devices 
 Worldwide energy demand is continuously increasing with a high dependence on fossil 
fuels (Figure 1.2a). Consequently, the atmospheric CO2 level has risen dramatically in the last few 
decades and global warming has become a serious environmental concern (Figure 1.2b). Thus, to 
meet the increasing energy demand without further increasing CO2 emissions, renewable energy 
sources, such as wind and solar energies, need to be utilized. One of the major drawbacks of 
renewable energy sources is, however, that they are intermittent – the sun does not shine at night 
and the wind does not blow all day. Therefore, developing efficient energy conversion and storage 
techniques is crucial to successfully supplying on-demand energy from renewable sources.  
 
Figure 1.2. (a) World primary energy demand by fuel in the New Policies Scenario.3 (b) Global 
annual average temperature and atmospheric CO2 concentration changes over time. Red and blue 
bars indicate temperatures above and below the long-term average, respectively.4 
 Electrochemical energy conversion systems, including electrolyzers, fuel cells, and 
batteries, are promising techniques with high efficiency and substantially decreased CO2 
emissions.5-10 For example, excess renewable energy can be supplied to water electrolyzers and be 
used to generate clean hydrogen fuel via water splitting reaction (H2O → H2 + ½O2), which can 
be stored and later be electrochemically converted via fuel cells to supply energy upon demand. 
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Alternatively, excess renewable energy can be stored in batteries as chemical energy, which can 
be subsequently converted to electrical energy. Further, renewable fuels, such as alcohols, can be 
utilized in fuel cells and reduce fossil fuel usage.  
1.2.1 Fuel Cells: Pt Catalyst Poisoning by Carbon Monoxide at the Anodes 
 In fuel cells, a fuel (e.g. H2 or alcohols) is oxidized at the anode and an oxidant (typically 
O2) is reduced at the cathode, generating electrical energy through the external circuit. The anode 
and the cathode are separated by an electrolyte in which ions (e.g. H+, OH-, or CO3
2-) migrate 
between the two electrodes.9,11,12 Depending on the specific electrochemistry being utilized, fuel 
cells operate at different temperatures to achieve their maximum efficiency. For example, types of 
fuel cells operating at relatively low temperatures (< 200 °C) include alkaline fuel cells (AFCs), 
phosphoric acid fuel cells (PAFCs), and polymer electrolyte membrane fuel cells (PEMFCs) which 
utilize hydrogen fuel; and direct methanol fuel cells (DMFCs) which utilize methanol fuel. Molten 
carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) operate at temperatures between 
500 and 1000°C. Schematic diagrams of low temperature fuel cell examples are shown in Figure 
1.3. 
 
Figure 1.3. Schematic representations of (a) a polymer electrolyte membrane fuel cell (PEMFC) 
and (b) an alkaline fuel cell (AFC), both fueled either with H2 gas or directly with methanol 
(DMFC mode). The stoichiometric ratios of reactants and products are shown in each case.13 
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 One of the major challenges for fuel cells operating at low temperatures is CO poisoning 
at the anode, where Pt-based catalysts are conventionally used.9,11,12 CO can be present as an 
impurity in reformed H2 fuel or be created during incomplete oxidation of alcohol fuels, which 
then strongly adsorbs on Pt surface and blocks catalytic sites.14,15 The poisoned catalyst can be 
reactivated by oxidizing adsorbed CO, and therefore understanding electrochemical oxidation 
reaction of CO on Pt is crucial in developing efficient fuel cells.  
 Electrochemical oxidation of CO follows Langmuir-Hinshelwood mechanism, where the 
adsorbed CO, COads, reacts with adjacent adsorbed oxygenated species, OHads.
15,16 In acidic media, 
the oxidation reaction proceeds as described below: 
   H2O ⇌ OHads + H+ + e-   (1.1a) 
   COads + OHads → COOHads   (1.2) 
   COOHads → CO2 + H+ + e-   (1.3) 
In alkaline media the mechanism is slightly different form that in acidic media, where OHads may 
be created from OH- instead of H2O and the oxidation product in Equation (1.3), CO2, is further 
converted to CO3
2- following the steps shown below:  
  OH- ⇌ OHads + e-      (1.1b) 
  COads + OHads → COOHads     (1.2)                                                                               
  COOHads → CO2 + H+ + e-     (1.3) 
  CO2 + OH
- ⇌ HCO3-                        pKa = 6.4  (1.4) 
  HCO3
- + OH- ⇌ CO32- + H2O          pKa = 10.25  (1.5) 
This oxidation mechanism has been examined with various in situ surface sensitive techniques, 
including infrared (IR) absorption spectroscopy,17-20 sum frequency generation (SFG) 
spectroscopy,21 second harmonic generation (SHG) spectroscopy,22,23 X-ray scattering (SXS) 
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spectroscopy,24-27 nuclear magnetic resonance (NMR) spectroscopy,28 scanning tunneling 
microscopy (STM),29-31 differential electrochemical mass spectrometry (DEMS),32 and 
electrochemical quartz crystal microbalance (EQCM).33  
 Moreover, electrochemical measurements show that surface morphology of the catalyst 
greatly affects its CO oxidation catalytic activity.15,34-40 For example, different crystalline faces of 
Pt show varying activity towards adsorption of CO and its oxidation. Furthermore, the CO 
oxidation activity is greatly enhanced at surface defect sites (e.g. steps and kinks). Thus, tuning 
the surface structure of Pt-based catalysts can lessen the CO poisoning effect. In addition, 
bimetallic catalysts with higher CO oxidation activity have been investigated as CO tolerant 
catalysts.11,41 For example, PtRu exhibits an enhanced activity in DMFCs relative to Pt due to a 
more oxophilic nature of Ru which provides OHads for CO oxidation and/or alters methanol 
oxidation mechanism with less COads produced. Thus, fundamental understanding of CO 
electrooxidation mechanism can lead to development of CO tolerant Pt-based catalysts for fuel 
cells.  
1.2.2 Batteries: Rechargeable Magnesium Battery   
 Rechargeable batteries store and supply electrical energy via electrochemical oxidation and 
reduction reactions involving two electrodes (i.e. anode and cathode) separated by an electrolyte. 
Difference in (electro)chemical potentials at the anode and the cathode drives spontaneous 
discharge of batteries, where the anode is oxidized and the cathode is reduced. Concurrently, 
electrons flow from anode to cathode through an external circuit and ions migrate through 
electrolyte (anions towards the anode and cations towards the cathode).7,42,43 Once the battery is 
fully discharged, an opposite process is required to restore the (electro)chemical potential energy 
in the electrodes. This process, however, is not spontaneous as the electrodes are in a state far away 
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from their thermodynamic equilibrium. Therefore, during charge, external power is applied to 
direct the electron flow in the opposite direction (from cathode to anode) to reduce the anode and 
oxidize the cathode. A schematic diagram of a Li-ion battery, the first commercial Li-ion battery 
introduced by Sony in 1991, is illustrated in Figure 1.4.  
 
Figure 1.4. (a) A schematic illustration of a Li-ion battery during discharge, where oxidation of 
LixC6 anode and reduction of Li(1-x)CoO2 cathode occurs, along with movement of Li
+ cations 
through the electrolyte and flow of electrons through the external circuit. (b) The reverse process 
occurs during charge.7  
 In commercial Li-ion batteries, graphite is used as an anode material although its 
theoretical capacity is significantly lower than that of Li metal. Previous attempts to utilize Li 
metal as an anode were unsuccessful due to the inherent safety issue of Li metal rising from 
dendrite formation. Thus, to develop safer batteries with a better power and energy performance 
capable of satisfying future energy storage demands, alternative battery chemistries need to be 
considered.44-48 Mg metal is a promising candidate for next generation battery anodes, as it exhibits 
a higher volumetric capacity (3833 mAh/cm3) relative to Li metal (2046 mAh/cm3). Its gravimetric 
capacity (2205 mAh/g) is less than that of Li metal (3862 mAh/g), but is still much larger than that 
of graphite anode (372 mAh/g). Another advantage of Mg metal anode is that there is no dendrite 
formation, and hence the potential hazard from short circuit is relieved. Moreover, Mg is abundant 
(known to be the fifth most abundant element in the earth’s crust), making it more accessible and 
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cheaper, and is less reactive when exposed to air compared to Li metal.  
 However, there are a few major challenges that need to be overcome for Mg-ion batteries 
to be commercialized.46,48 For example, conventional battery electrolytes (e.g. Mg ionic salts and 
aprotic solvents) fail to reversibly deposit Mg at the anode, due to decomposition of electrolytes 
resulting in formation of Mg2+ impermeable passivation films on the electrode surface. In addition, 
while ionic radius of Mg2+ (0.74 Å) is comparable to that of Li+ (0.68 Å), its divalent nature creates 
a strong attractive interaction between Mg2+ and the cathode host material, resulting in a very slow 
diffusion of Mg2+ and sluggish magnesiation of cathode.  
 Reversible Mg electrodeposition and stripping was first reported in 1920s from electrolytes 
composed of Grignard reagents in ethereal solvents.49,50 However, these electrolytes suffer from 
low anodic stability and poor ionic conductivity. In 2000, Aurbach et al. achieved a breakthrough 
by developing Mg organohaloaluminate electrolytes (i.e. Mg(AlCl3R)2 and Mg(AlCl2RR’)2 in 
ethereal solutions, where R and R’ represent alkyl groups), which are created via acid-base reaction 
between AlCl3-nRn Lewis acid and R2Mg Lewis base in ethers. These Mg organohaloaluminate 
electrolytes showed substantially enhanced anodic stability (> 2.5 V vs. Mg/Mg2+) and Coulombic 
efficiency (~ 100 %) compared to Grignard electrolytes.51 The authors also reported a prototype 
Mg-ion battery based on the Mg organohaloaluminate electrolytes and a Chevrel phase MgxMo3S4 
cathode. Since then, promising electrolytes (e.g. MgCl2+AlCl3/THF, Mg(BH4)2+LiBH4/diglyme, 
and ROMgCl+MgCl2/THF (R = phenyl alkyl)) and cathode materials (e.g. V2O5, MnO2, and 
MgCo2O4) have been explored,
46 but their complex interfacial chemistries remain unknown and 
are subjects of current research.  
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1.2.3 Biofuels: Glycerol Oxidation Reaction  
 Biodiesel is a renewable alternative energy source which can replace fossil fuels, 
particularly petroleum, and its production has been rapidly growing in the past decade (Figure 
1.5a). Biodiesel is produced via transesterification reaction between vegetable oils or animal fats 
and short-chain aliphatic alcohols, typically methanol or ethanol (Figure 1.5b). In this process, 
glycerol is generated as a major byproduct, ~10 wt%, and production of this crude glycerol is 
estimated to reach 5.8 billion pounds in 2020.52-55 While pure glycerol is used in various 
applications (e.g. cosmetics, soaps, pharmaceuticals, food and drinks), the crude glycerol from 
biodiesel production, composed of 60-80% glycerol with impurities such as methanol and salts, 
cannot be used for such purposes due to its low purity.52,54,56,57 Thus, it is necessary to develop 
appropriate utilization of surplus glycerol.   
 
Figure 1.5. (a) World biodiesel production trend.58 (b) Transesterification of triglyceride with 
methanol, producing biodiesel and glycerol.55 
 One candidate is direct glycerol fuel cells, where glycerol will be oxidized at the anode via 
Equation (1.6). Glycerol has a theoretical volumetric energy density of 6.3 kWh/L, higher than 
that of ethanol (5.4 kWh/L) and methanol (4.0 kWh/L), which makes it a promising fuel.59,60  
  C3O3H8 + 14OH
- → 3CO2 + 11H2O + 14e-   (1.6) 
Another possibility of utilizing glycerol via electrochemical oxidation is selective oxidation of 
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glycerol towards producing more valuable products, such as dihydroxyacetone, glyceric acid, 
tartronic acid, glycolic acid, and oxalic acid. Figure 1.6 shows possible oxidation products of 
glycerol.56  
 Various metal electrocatalysts for glycerol oxidation reaction have been explored and their 
activity and selectivity have been examined, with emphasis made on noble metals exhibiting high 
catalytic activities such as Au, Pt, and Pd.61-65 In general, the performance of catalysts strongly 
depend on the electrolyte pH: a greater activity is observed in more alkaline conditions and 
different products are created in different pH conditions. For example, in situ FTIR studies by 
Gomes et al. reported Au in alkaline media produce dihydroxyacetone, tartronic acid, mesoxalic 
acid, glyoxylic acid, and carbon dioxide, while tartronic acid, formic acid and carbon dioxide were 
formed in acidic media.61 HPLC studies by Kwon et al. detected glyceric acid and glyceraldehyde 
as major products on Pt in both acid and alkaline conditions, but the product distributions were 
different.62 In addition, both studies showed that Au exhibits a higher oxidative current than Pt in 
alkaline media, but is highly deactivated in acidic conditions. Further, enhanced catalytic activity 
and/or product selectivity can be achieved in bimetallic catalysts, such as PtPd,66,67 PtBi,68-71 
PdAu,63,72 PdCu,73,74 PdAg,75-77 and AuAg78,79. For example, presence of Bi on Pt (PtBi catalyst) 
yields a high ratio of dihydroxyacetone as oxidation product, which has a higher price than glycerol 
(~4 times) and is widely used in sunless tanning products.56,68,71 Another interesting example is 
Ag. While pure Ag shows a lower catalytic activity towards glycerol oxidation compared to other 
noble metal catalysts, adding Ag to other metals such as Au and Pd greatly enhances their 
activities.75-79  
 In conclusion, utilization of surplus glycerol from biodiesel production can be 
accomplished via electrochemical oxidation of glycerol, from which direct glycerol fuel cells can 
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be developed and value-added products can be obtained. To achieve successful performance of 
glycerol oxidation reaction, novel electrocatalysts with high activity and product selectivity need 
to be further explored.  
 
Figure 1.6. Reaction network of the glycerol oxidation.80 
 
1.3 Electrochemical Surface Stress Measurements 
Surface atoms, due to their less coordinated nature, exhibit different thermodynamic 
properties than bulk atoms. The difference between potential energy of surface and bulk atoms 
gives rise to surface energy, γ, which can be expressed as the reversible work per unit area, dw, 
required to create new area, dA, of surface (Equation 1.7). Thus, surface energy is a scalar quantity 
inherent to the existence of surface. For a solid, however, surface area can be changed with a fixed 
number of surface atoms (i.e. elastic deformation) and the reversible work required in this case is 
defined as surface stress, σ, which is expressed as Equation (1.8). Here, the surface stress tensor, 
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σij, relates the work associated with the change in the surface energy, d(γA), induced by an applied 
strain, dεij.81-84 Figure 1.7 illustrates the difference between surface energy and surface stress.  
 dw = γ dA   (1.7) 
 d(γA) = A σij dεij  (1.8) 
 
Figure 1.7. Schematic illustration of plastic and elastic deformation of surface, which is correlated 
to surface energy and surface stress, respectively.  
Surface stress measurements can address the relationship between microscopic properties 
of surfaces (e.g. bonding configurations) and their macroscopic properties (e.g. morphology and 
dynamics).83 Measurements of surface stress in electrochemical environments were first reported 
in 1966 by Gokhshtein.85 Until the early 1990’s, emphasis had been placed on the electrochemical 
potential dependence of surface stress, σ(E), and its similarity to surface tension, γ(E), which 
follows Lipmann’s equation (Equation 1.9).  
  
𝜕𝛾
𝜕𝐸
= −𝑞  (1.9) 
In 1998, however, Haiss et al. observed a linear dependence of the surface stress on the surface 
charge, q,86 which differs from the parabolic dependence of surface tension on q in Equation (1.9). 
Since then, more studies have focused on the relationship between surface stress and surface 
charge, σ(q). Valincius attributed the linear change in σ(q) to the mismatch between the potential 
of zero charge (pzc) and the potential where the surface stress is at its maximum.87 This can be 
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explained by the non-zero second term in Gokhshtein’s equation (Equation 1.11), which is derived 
from Lipmann’s equation (Equation 1.9) and Shuttleworth’s equation (Equation 1.10). 
  𝜎 = 𝛾 +
𝜕𝛾
𝜕𝜀
   (1.10) 
  
𝜕𝜎
𝜕𝐸
= −𝑞 −
𝜕𝑞
𝜕𝜀
   (1.11) 
Gokhshtein’s equation suggests that the surface stress response will be dependent not only on the 
electrocapillarity, but also on the adsorption processes.  
 Surface stress development in various electrochemical systems has been studied, including 
underpotential deposition (upd) of metals,88-90 metal deposition at battery electrodes,91-93 H 
adsorption and absorption on Pd,94,95 CO adsorption and oxidation on Pt,96,97 oxygen evolution,98 
and oxygen reduction99 reactions. The potential dependent surface stress changes can be measured 
by the ‘cantilever bending method’ where the change in the radius of curvature of a thin cantilever 
electrode is monitored.83 Fredlein and Bockris were the first to apply this method to 
electrochemical systems in 1971 with a laser beam deflection method.100,101 The bending curvature 
of a cantilever electrode, C, can be converted to the surface stress change via Stoney’s equation 
(Equation 1.12)102: 
 𝛥𝜎 =
𝑌𝑡2𝐶
6(1−𝜈)
  (1.12) 
where Y is the Young’s modulus, t is the cantilever thickness, and ν is the Poisson ratio of the 
cantilever material. If the surface undergoes contraction, the surface stress has a positive sign (Δσ 
> 0) and is called ‘tensile’. If the surface undergoes expansion, the surface stress has a negative 
sign (Δσ < 0) and is called ‘compressive’. Other methods to measure surface stress utilizing 
different techniques – such as interferometry,103 piezoelectric effect,87,104 atomic force microscopy 
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(AFM),105,106 scanning tunneling microscopy (STM),86,107 and optical setup108,109– have been 
developed.  
1.3.1 Stress Development during Thin Film Growth  
 One of the fields where surface stress measurements are widely employed is metal 
deposition. Surface stress can be utilized to elucidate deposition mechanisms and evaluate film 
properties. For example, distinct surface stress responses are observed during three different modes 
of film growth: layer by layer (Frank-van der Merwe), three-dimensional island (Volmer-Weber), 
and island on layer (Stranski-Krastanov).110,111 These film growth modes, determined by 
interaction strength between adatoms and the surface, are described in Figure 1.8.  
 
Figure 1.8. Schematic representation of three crystal growth modes: (a) layer by layer (Frank-van 
der Merwe), (b) three-dimensional island (Volmer-Weber), and (c) island on layer (Stranski-
Krastanov). θ represents the coverage in monolayers (ML).110 
 In both Ag(111) films grown on Si(001) via Stranski-Krastanov mode and Fe(001) films 
grown on MgO(001) via Frank-van der Merwe mode, a complete film layer is created on the 
substrate and the misfit between substrate and film lattices develops a large tensile stress, which 
persists throughout the film deposition. In contrast, Ag films UHV deposited onto mica(001) via 
Volmer-Weber growth exhibits a compressive surface stress change during the initial nuclei 
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formation step, followed by a tensile surface stress response when these nuclei coalesce. Next, 
depending on the mobility of the film material, different surface stress changes can be monitored 
during further growth of the film. In low-mobility Volmer-Weber growth, where grain size is fixed, 
the tensile surface stress developed at grain boundaries during the nuclei coalescence step is 
maintained and the film stress becomes continuously more tensile. In high mobility Volmer-Weber 
growth, where recrystallization occurs and grain size grows, compressive surface stress develops. 
Another example of high mobility Volmer-Weber growth is the electrochemical deposition of Cu 
on Au. Here, the tensile-compressive-tensile stress development observed in the UHV 
environment is also found.112-114 Thus, in general, surface stress development observed during 
electrodeposition of metal films can be correlated to those under UHV conditions. However, other 
factors, such as deposition potential and electrolyte composition, can further affect the film stress 
in electrochemical systems, and their intricate effects need further examination.  
1.3.2 Measurement and Calculation of Adsorbate-Induced Surface Stress 
 Clean metal surfaces possess intrinsic tensile surface stress due to the redistribution of 
charge from missing bonds on the surface which strengthens bonds and creates attractive 
interactions between surface atoms as described in Figure 1.9a.83,115,116 This tensile surface stress, 
however, can be relieved or be intensified upon adsorption of different species on the surface. For 
example, Ibach proposed a charge distribution model where adsorption of electropositive species, 
which will donate charge to the surface, will enhance the tensile stress, while the adsorption of 
electronegative species, which will remove charge from the surface, will relieve the tensile stress 
(Figure 1.9b).116 A system where this model can be applied is Cu upd on Au in a CuSO4-based 
electrolyte, where a tensile to compressive surface stress change is observed during the cathodic 
scan. According to the charge distribution model, the tensile surface stress change observed prior 
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to Cu upd is attributed to adsorption of electropositive Cu2+ cations on the Au surface and the 
compressive surface stress change observed after the completion of Cu upd results from adsorption 
of electronegative SO4
2- anions on the Cu monolayer surface, which has a more negative pzc 
compared to that of Au.112,113,117  
 
Figure 1.9. Illustration of a simple picture of the origin of the surface stress. Bond charges near 
the surface for (a) a clean surface and (b) a surface with electronegative adsorbates. On a clean 
surface, the bond charge in the missing bonds is redistributed to strengthen the backbonds and the 
equilibrium bond length between the surface atoms is reduced, creating a tensile surface stress. 
The adsorption of electronegative atoms on the surface removes charge between the surface atoms 
and causes a compressive surface stress.116  
 On the other hand, adsorption of H and O on a Pt(111) surface does not follow this charge 
distribution model. Electrochemical measurements performed by Lafouresse et al. showed 
adsorption of electropositive H and electronegative O both induce a compressive surface stress 
change.118 Moreover, first-principles calculations performed by Feibelman reported relief of 
tensile stress on Pt(111) upon adsorption of H and O, while the work function of Pt(111) slightly 
increases upon adsorption of O and significantly drops upon adsorption of H.119 One of the possible 
sources of the compressive surface stress response induced by H and O adsorption, suggested in 
the study, is that valence electrons of surface Pt atoms will become more isotropically distributed 
in the presence of adsorbates and become closer to the bulk atoms.  
 Thus, in order to unravel the origin of adsorbate-induced surface stress responses in 
electrochemical environments, a fundamental understanding of microscopic interactions between 
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surfaces and adsorbates needs to be acquired through both experimental and computational studies. 
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Chapter 2 
 
Electrochemical Surface Stress Development during CO and NO Oxidation on Pt*
 
2.1 Introduction 
The adsorption and oxidation of CO on Pt has been extensively studied due both to its 
fundamental importance as a simple model system and to its practical importance as a well-known 
poison in fuel cells.1,2 The electrochemical behavior of CO has been examined with numerous in 
situ surface sensitive techniques, including infrared (IR) absorption spectroscopy, sum frequency 
generation (SFG) spectroscopy, second harmonic generation (SHG) spectroscopy, X-ray 
scattering (SXS) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, scanning 
tunneling microscopy (STM), differential electrochemical mass spectrometry (DEMS), and 
electrochemical quartz crystal microbalance (EQCM).3-6 The general mechanism of CO oxidation 
is known to follow the Langmuir-Hinshelwood mechanism, where the adsorbed CO molecules, 
COads, react with adjacent adsorbed oxygenated species, OHads.
1,7  
Surface stress measurements provide insight to the relationship between bonding 
configurations at the surface and macroscopic properties of the surface, such as surface 
morphology and dynamics.8 Measurements of surface stress in electrochemical environments were 
first reported in 1966 by Gokhshtein,9 and various electrochemical systems have been studied since 
then, including underpotential deposition (UPD) of metals,10-12 metal deposition on battery 
                                                          
* Reprinted with permission from Ha, Y.; Zeng, Z.; Cohen, Y.; Greeley, J.; Gewirth, A. A. J. Phys. 
Chem. C 2016, 120, 8674-8683. Copyright 2016 American Chemical Society. 
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electrodes,13-15 H adsorption and absorption by Pd,16,17 oxygen evolution,18 and oxygen reduction 
reactions.19 The surface stress response during the electrochemical adsorption and oxidation of CO 
on {111}-textured Pt in HClO4 solution has been previously studied by Friesen et al. using a 
capacitive method, where a tensile stress response during the oxidation of CO was observed.20  
Further, a compressive stress change due to the adsorption of OH during the oxidation process was 
observed.21  
In this work, we examine the surface stress response originating from the oxidation of CO 
in both the acid and alkaline electrochemical environments to more generally interrogate the 
interplay between COads and OHads. Moreover, the electrochemical surface stress response is 
monitored during the oxidation of NO in acid, where a stable monolayer of NO can be formed to 
evaluate the efficacy of the electrochemical stress method to interrogate other small molecule 
oxidation reactions. Finally, we show that this stress behavior can be explained at a molecular level 
through detailed density functional theory (DFT) calculations. 
 
2.2 Methods 
2.2.1 Experimental Details 
 The electrochemical cell and optical setup used for the measurement of in situ surface stress 
changes were described elsewhere.15,22 Cantilevers were fabricated from borosilicate glass 
microscope coverslips (Gold Seal No. 1, 150μm thick) sputter coated with a 20nm Ti adhesion 
layer and 150nm Pt on one side.  The Pt cantilever-electrodes were annealed with a H2 flame prior 
to use.  X-ray diffraction (XRD) patterns obtained from these cantilevers revealed a predominant 
(111) texture (Figure 2.7). 
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 Electrochemical measurements were performed with a 760E Electrochemical Workstation 
(CH Instruments) and corresponding surface stress changes were recorded using a home-built 
program written using LabVIEW (National Instruments). A modified glass coverslip working 
electrode, a Pt mesh counter electrode and a leakless Ag/AgCl reference electrode were used to 
conduct cyclic voltammetry (CV). Potentials are reported with respect to the reversible hydrogen 
electrode (RHE).  All experiments were carried out at room temperature.  Electrolytes were 
prepared from HClO4 (ULTREX II, J.T.Baker), NaOH (99.99%, Aldrich) and Milli-Q water (> 18 
MΩ cm). Ar gas (99.999%, S.J. Smith) was bubbled through the electrolyte prior to the experiment 
to deoxygenate all solutions. The refractive indices of 0.1 M HClO4 and 0.1 M NaOH measured 
on a Rafracto 30GS (Mettler Toledo) were both 1.333. 
 Carbon monoxide (CO) adlayers were prepared by bubbling CO (Research purity, 
99.998%, Matheson) gas through the solution for 5 minutes while holding the working electrode 
potential at 0.1 V versus RHE. Then, the solution was sparged with Ar for an hour to remove any 
excess CO. Nitric oxide adlayers were prepared by immersing the working electrode in a 2 mM 
NaNO2 (ACS reagent, ≥ 97.0%, Sigma-Aldrich) solution under open circuit potential as previously 
described.23,24  
2.2.2 Computational Details 
 Self-consistent total energy calculations were performed based on the projected augmented 
wave (PAW) method25-27 within the generalized gradient approximation (GGA-PBE)28, as 
implemented in the Vienna Ab-initio Simulation Package (VASP).29,30 Planewave basis sets with 
a kinetic energy cutoff of 500 eV and Monkhorst-Pack31 k-point grids were used in the 
calculations. For bulk calculations of face-centered cubic (fcc) Pt, Brillouin zone integration with 
(12×12×12) k-point grids were used, while k-point grids of equivalent or higher density were used 
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for the surface calculations. The geometries were optimized until the maximum atomic forces were 
smaller than 0.01 eV/Å and a total energy convergence of 10-5 eV in the electronic self-consistent 
field loop was employed. The Pt lattice constant, a0, was calculated to be 3.976 Å when the stress 
was minimized with the above parameters.  This is a typical result with GGA calculations32 and is 
1.3% larger than the experimental value of 3.924 Å.33 For the calculations of gas phase molecules, 
we employed an orthorhombic box (14 Å × 15 Å ×16 Å) box and a single k-point (0.25, 0.25, 0.25) 
for the Brillouin zone sampling.  
The Pt (111) surfaces were modeled by repeated Pt slabs generated with the optimized 
lattice constant and with at least 12 Å of vacuum perpendicular to the slab surface. Molecules were 
adsorbed on one side of the slab, and dipole corrections were employed to screen the artificial 
interaction through the vacuum region. Different coverages of adsorbates were examined, with 
p(2×2), p(3×3), p(4×4), c(4×2), c(6×2), and (√19×√19) unit cells where (6×6×1), (4×4×1), 
(3×3×1), (6×6×1), (4×6×1), and (3×3×1) k-point grids were used, respectively. For calculations of 
clean Pt(111) surfaces, all atoms were allowed to relax so as to keep the slabs symmetric in the z-
direction. For the calculations of surfaces with adsorbates, the bottom two layers of the slab were 
fixed at the optimized positions, and the remaining atoms and adsorbates were allowed to relax 
further. Using the p(2×2) supercell as an example, we tested the responses of the surface stress 
with respect to the thickness of the slab, 3 - 12 monolayers (ML), for surfaces with and without 
0.25 ML CO adsorption. The calculated surface stress of clean p(2×2) slabs (Figure 2.8) exhibits 
oscillations in the calculated stress as a function of slab thickness, likely associated with quantum 
size effects, as has been observed in previous studies of Pb(111).34 For CO adsorption induced 
excess surface stress (vide infra), the magnitude of oscillation calculated is even larger than that 
found for the clean surface. As the average of results from the 6 layer and 7 layer slabs are similar 
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to the corresponding average of the slabs with thicknesses between 6 and 12 MLs (Figure 2.9), 
and we mainly focus on the excess surface stress induced by adsorbates, we use 6 ML and 7 ML 
slabs in our modeling and report the mean values in this work.   
Surface stress was calculated using the stress theorem introduced by Nielsen and Martin.35 
First, the surface stress of a clean slab, σclean, was obtained using a symmetric slab with two clean 
surfaces. Here, the stress on the supercell can be attributed to the presence of the two surfaces and 
is 
2σ𝑐𝑙𝑒𝑎𝑛 = 𝑐 (
τxx
𝑐𝑙𝑒𝑎𝑛+τyy
𝑐𝑙𝑒𝑎𝑛
2
) 
where c is the supercell height in the z direction and τxx
clean and τyy
clean are the diagonal components 
of the supercell stress tensor.15 Next, adsorbates were included in the system, and the supercell 
stress with adsorbates, σad, becomes 
σ𝑎𝑑 = 𝑐 (
τxx
𝑎𝑑+τyy
𝑎𝑑
2
) 
Finally, the excess surface stress induced by adsorbates, Δσ, was taken as the difference,   
∆σ = σ𝑎𝑑 − 2σ𝑐𝑙𝑒𝑎𝑛 
The average adsorption energy, Ead, of CO and NO was calculated using 
𝐸𝑎𝑑 = [𝐸𝑡𝑜𝑡
𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒/𝑃𝑡
− 𝐸𝑡𝑜𝑡
𝑃𝑡 − 𝑁×𝐸𝑡𝑜𝑡
𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒]/𝑁 
where Etot
adsorbate/Pt, Etot
Pt , Etot
adsorbate are the total energies of the N adsorbates on Pt, the clean Pt 
surface, and the adsorbate in the gas phase, respectively, and N is the number of adsorbed 
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molecules in the super cell. For the OH and NO3, the Ead was referred to the stable gas phase 
species H2O and HNO3, respectively, and balanced with H2:  
𝐸𝑎𝑑
OH = [𝐸𝑡𝑜𝑡
OH/Pt
+ 𝑁×0.5×𝐸𝑡𝑜𝑡
𝐻2 − 𝐸𝑡𝑜𝑡
𝑃𝑡 − 𝑁×𝐸𝑡𝑜𝑡
H2O]/𝑁 
and 
𝐸𝑎𝑑
NO3 = [𝐸𝑡𝑜𝑡
NO3/Pt + 𝑁×0.5×𝐸𝑡𝑜𝑡
𝐻2 − 𝐸𝑡𝑜𝑡
𝑃𝑡 − 𝑁×𝐸𝑡𝑜𝑡
HNO3]/𝑁 
where Etot
H2, Etot
H2O and Etot
HNO3are the total energy of gas phase H2, H2O and HNO3, respectively. 
The adsorbate-induced excess surface stress was calculated using the most favorable 
adsorption configurations based on previous experiments and calculations. For CO adsorption, top 
sites at low coverages, 2CO(top+bri)/Pt(111)-c(4×2), 13CO(7top+6bridge)/Pt(111)-(√19×√19), 
and 3CO(fcc+hcp+top)/Pt(111)-p(2×2) were calculated.36-38 For OH, top site adsorption, which 
has been confirmed to be able to facilitate the formation of hydrogen bonding network at 
electrolyte-electrode interface,39-41 is considered at all coverages. For NO adsorption, the fcc site 
at low coverages, the 2NO(fcc+top)/Pt(111)-p(2×2) configuration, and the 
3NO(fcc+hcp+top)/Pt(111)-p(2×2) configuration were analyzed.42,43 Finally, top site bidentate 
adsorption of NO3 was considered at all coverages.
44 The corresponding structures and binding 
energies are shown in Tables 2.5 and 2.6. The calculated adsorption energies agree well with those 
previously reported.39,44-48  
 
2.3 Results and Discussion 
2.3.1 Electrochemical Surface Stress Measurements 
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2.3.1.1 Ar-Sparged Electrolyte 
 Figures 2.1a and 2.1b show CVs obtained from the polycrystalline Pt/glass cantilever in 
Ar-sparged 0.1 M HClO4 and 0.1 M NaOH, respectively. The CVs match well with those in the 
literature, showing both the Hupd region (region 1) starting around 0.4 V in the cathodic (negative-
going) scan and the onset of surface oxidation (region 3) at around 0.6 V in the anodic (positive-
going) scan.49,50  Figures 2.1c and 2.1d show the in situ stress measurements obtained 
simultaneously with the CV. The stress exhibits a tensile component on the cathodic scan until the 
potential of the Hupd region is reached.  At this point, the stress becomes compressive. Compressive 
stress associated with surface oxidation and Hupd have been observed on Pt previously.
18,51-53 The 
magnitude of the surface stress response in the Hupd region is similar in HClO4 and NaOH solution, 
0.21 ± 0.06 N/m and 0.20 ± 0.03 N/m, respectively.  
 The compressive surface stress change observed in the oxide formation region starting at 
0.6 V, however, is twice as large in NaOH solution, 0.61 ± 0.05 N/m, as in HClO4 solution, 0.26 
± 0.08 N/m. This increase can be correlated to the higher oxidative charge in NaOH solution, 155 
± 26 µC/cm2, relative to that in HClO4 solution, 86 ± 17 µC/cm
2 (Figure 2.2). Increased charge in 
the oxide region on Pt in base relative to acid has been reported previously.54  
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Figure 2.1. The influence of pH (electrolyte) on CV and surface stress. CV of Pt(poly) in (a) 0.1 
M HClO4 and (b) 0.1 M NaOH at a scan rate of 10 mV/s, corresponding surface stress changes in 
(c) 0.1 M HClO4 and (d) 0.1 M NaOH. The gray region corresponds to the Hupd potentials, while 
the blue region corresponds to potentials where the Pt surface is oxidized. 
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Figure 2.2. Surface stress response during the OH adsorption in 0.1 M HClO4 (blue) and 0.1 M 
NaOH (red) plotted as a function of charge density. The charge density was calculated by 
integrating the current density from 0.6 V to 0.9 V vs. RHE in Figure 2.1a and 2.1b for 0.1 M 
HClO4 and 0.1 M NaOH, respectively. 
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2.3.1.2 Oxidation of CO Monolayer in Acid 
 Figure 2.3a shows the CV obtained from a CO-decorated Pt(poly) cantilever immersed in 
a 0.1 M HClO4 solution.  The CV shows that the waves associated with Hupd are inhibited on the 
anodic scan (region 1) due to the presence of CO, which was adsorbed onto the Pt surface at a 
potential of 0.1 V vs. RHE. At 0.55 V there is a prepeak (region 2) associated with the oxidation 
of weakly adsorbed CO created at high CO coverages55-57 and/or preferential oxidation at active 
surface defect sites1,58-62 which is followed by the main CO stripping peak at 0.68 V (region 4).49,63 
At more positive potentials the Pt surface starts to oxidize (region 5). The return cathodic scan is 
similar to that obtained in the blank solution absent CO, since the CO decorating the Pt surface 
initially has been oxidized and there is no CO remaining in the solution. 
The in situ stress measurement (Figure 2.3c) shows that a number of processes are 
occurring during the course of CO oxidation on the Pt surface. First, as the potential is moved from 
0.1 V to 0.5 V, the stress becomes more tensile.  On the Pt surface absent CO, the stress is strongly 
tensile as Hupd is removed from the electrode surface. In the presence of CO however, Hupd 
decoration is inhibited, as can be seen from the substantially diminished Hupd stripping waves. 
Nonetheless, tensile stress of the same magnitude is still observed. As surface H cannot be the 
origin of the tensile stress, this tensile stress response could be related to the removal of bridge and 
multi-bound CO, COB, which has been previously observed with in situ ATR-FTIRS
64,65 and ATR-
SEIRAS66-68 studies. The peak intensity of COB continuously decreased during the anodic scan, 
even before the onset of the prepeak.      
In order to further study this behavior, we performed additional measurements examining 
the electrochemical stress and corresponding voltammetry from a Pt surface where CO decoration 
was performed at 0.3 V. The voltammetry (Figure 2.3b) shows an oxidative wave at 0.7 V which 
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is relatively more positive and sharper than that found in the case where CO decoration occurred 
at 0.1 V. Additionally, the voltammetry does not show the presence of a prepeak. This lack of a 
prepeak is likely due to the different CO adlayer structures created at different adsorption 
potentials.36,57,69  This difference in the electrochemical oxidation behavior can be seen in the 
electrochemical stress measurement (Figure 2.3d). The stress in the region between 0.3 and 0.5 is 
not tensile but rather exhibits no potential dependence.  This behavior further suggests the different 
adsorption structure created with 0.3 V CO adsorption, and hence the absence of the CO removal 
prior to the onset of the electrochemical oxidation, could be an origin of the observed potential 
independence of stress in this region.  
We next move to more positive potentials in the stress-potential curve in Figure 2.3a. As 
the prepeak begins at 0.5 V (region 2), the stress becomes more tensile in Figure 2.3c and the 
derivative of the stress with respect to potential (Figure 2.3e) shows that a peak occurs at 0.54 V. 
At 0.65 V (region 4), the tensile stress increases again, associated with the main CO oxidation peak 
at 0.68 V. Interestingly, the magnitude of the tensile surface stress change associated with the CO 
prepeak is comparable to that associated with the main CO oxidation wave even though the latter 
exhibits ~ 10 times more charge passed, suggesting the presence of a non-linear dependence of 
stress on the CO coverage (vide infra). Specifically, in the pre-peak region, from 0.5 V to 0.6 V, 
the surface stress changes 0.27 ± 0.10 N/m in the tensile direction and in the main peak region, 
from 0.6 V to 0.8 V, the stress changes in the same direction up to 0.7 V where the maximum 
tensile stress change is 0.33 ± 0.05 N/m. The maximum tensile surface stress change observed 
during the anodic scan is 0.90 ± 0.27 N/m.  
The oxidation of CO adsorbed at 0.3 V (Figure 2.3d), on the other hand, exhibits a 
monotonic stress-potential slope, reflecting the absence of the prepeak in the CV (Figure 2.3b). 
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The stress reaches its maximum tensile value of 0.55 ± 0.20 N/m at 0.73 ± 0.05 V. Nonetheless, 
the derivative of the stress with respect to the potential (Figure 2.3f) shows a small peak at 0.6 V 
(region 2), where the oxidation current starts to flow, followed by a larger peak associated with 
the sharp stripping peak, representing the subtle changes in the surface stress response during the 
oxidation process. 
After the maximum tensile stress is reached, the stress becomes compressive and traces the 
stress change found absent CO. Thus, the behavior at potentials more positive than 0.7 V in Figure 
2.3c (region 5) and 0.72 V in Figure 2.3d (region 4) undoubtedly reflects the influence of Pt surface 
oxidation.  
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Figure 2.3. The influence of the CO adsorption potential on CV and surface stress development 
in 0.1 M HClO4. CV of Pt(poly) at a scan rate of 10 mV/s with CO adsorbed at (a) 0.1 V and (b) 
0.3 V, corresponding surface stress changes (c), (d), and first derivative of the surface stress with 
respect to the electrode potential (e), (f). The gray region corresponds to the Hupd and the double 
layer potentials in the blank CV, the yellow region corresponds to the preoxidation peak of CO 
adsorbed at 0.1 V, the red region corresponds to the main oxidation peak of CO, and the blue 
region corresponds to potentials where the Pt surface is oxidized. 
2.3.1.3 Oxidation of CO Monolayer in Alkaline 
Figure 2.4a shows the stripping voltammogram obtained from 0.1 V - adsorbed CO in 0.1 
M NaOH solution. The oxidation of CO begins at 0.3 V, a potential which is much lower than the 
onset potential in HClO4 solution, and exhibits multiple oxidation peaks. For Pt(111), the enhanced 
catalytic activity in alkaline media can be attributed to a higher concentration of active defect sites 
compared to that in acidic media,70 and/or  the difference in the electrode potentials in acidic versus 
alkaline media in the NHE scale.71-73 Adsorption of 3d-transition metal impurities during the 
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acquisition of blank CV and formation of hydr(oxy)oxides of these undesired elements in alkaline 
media could further lower the onset potential.50 The origin of multiple oxidation peaks has been 
attributed to the low mobility of CO in alkaline solution caused by different surface charge72,73 
and/or adsorption of carbonate ions71,74. The conversion of CO2 to CO3
2-, which can either adsorb 
on the surface or diffuse into solution, has been observed using IRRAS (Infrared reflection-
absorption spectroscopy).75 Further, different OH adsorption mechanisms in acid and base could 
also be contributing to the peak multiplicity in base.  
The in situ surface stress measurement in Figure 2.4b shows a tensile response starting 
from 0.3 V (region 2). The magnitude of the maximum tensile stress change during the anodic 
sweep is 1.11 ± 0.09 N/m at 0.61 ± 0.01 V (region 4). The magnitude is slightly greater than that 
observed in HClO4 solution (0.90 ± 0.27 N/m), and the potential where the stress response reaches 
its maximum occurs about 100 mV more negative than that in HClO4 solution (0.72 ± 0.02 V). 
Moreover, the magnitude of the stress-potential slope decreases during the oxidation of CO in 
NaOH, unlike the case in HClO4 where the tensile response increases again at the main stripping 
peak. This difference is well depicted in the derivative of stress with respect to potential (Figure 
2.4c) which exhibits only one distinct peak at 0.4 V (region 2). In Figure 2.3e, there are two 
distinctive peaks resembling the prepeak and the main peak in the CV obtained in HClO4 solution. 
A negative peak at 0.81 V in Figure 2.4c (region 5), which is associated with the stress response 
in the oxide formation region, is another distinctive feature observed in alkaline solution. This 
peak in region 5 is hardly noticeable in HClO4 solution (Figures 2.3e and 2.3f), and the difference 
can be correlated to the blank measurements where increased oxidative charge and greater 
compressive stress was observed in NaOH (Figure 2.2).  
The oxidation of CO induces surface contraction in both acidic and alkaline media, with 
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slightly larger tensile stress response observed in base. This difference in the stress magnitude 
could be attributed to the earlier onset of CO oxidation in NaOH, where the CO oxidation is 
completed at a lower potential than in HClO4. It has been seen from the blank cantilever 
measurements (Figure 2.1) that the surface starts to expand around 0.6 V in both acid and base due 
to adsorption of oxygenated species on the surface. The potential where the maximum tensile stress 
is reached is 0.61 ± 0.01 V and 0.72 ± 0.02 V in NaOH and HClO4, respectively.  The contraction 
induced by CO oxidation and expansion induced by OH adsorption are disentangled in base due 
to the complete oxidation of CO at a more negative potential. Further, the magnitude of 
compressive stress response observed at more positive potentials is 0.22 ± 0.04 N/m and 0.63 ± 
0.02 N/m in HClO4 and NaOH, respectively, which is very similar to the blank cantilever results 
(i.e. 0.26 ± 0.08 N/m and 0.61 ± 0.05 N/m, respectively). This indicates the CO adlayer has been 
completely removed and the surface is then fully covered by oxygenated species. 
The difference in the stress-potential slope profile can also be ascribed to the different onset 
potentials and peak shapes observed in acid and base. In HClO4, the CO coverage is still relatively 
high after the prepeak, and hence the stress-potential slope increases again at the main oxidation 
peak. On the other hand, a substantial amount of COads has been oxidized in the first two oxidative 
peaks in NaOH, and the CO coverage is not high enough to show an increase in the stress-potential 
slope at the third peak. Moreover, DFT studies show a nonlinear relationship between the CO 
coverage and the adsorption stress, which will be discussed further below, implying that relatively 
modest differences in the CO coverage between acidic and alkaline environments could have a 
significant impact on the measured stress. 
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Figure 2.4. (a) CV of CO-decorated Pt(poly) in 0.1 M NaOH at a scan rate of 10 mV/s, (b) 
corresponding surface stress changes, and (c) first derivative of the surface stress with respect to 
the electrode potential. CO was adsorbed at Eads = 0.1 V. The gray region corresponds to the Hupd 
region in the blank CV, the yellow, white and red regions correspond to three different CO 
oxidation peaks, and the blue region corresponds to potentials where the Pt surface is oxidized. 
2.3.1.4 Oxidation of Bulk CO 
Figure 2.5 shows the oxidation of CO in CO-saturated 0.1 M HClO4 (2.5a, 2.5c, and 2.5e) 
and CO-saturate 0.1 M NaOH (2.5b, 2.5d, and 2.5f) solutions. The CV in CO-saturated 0.1 M 
HClO4 solution (Figure 2.5a) shows two peaks during the anodic scan at 0.69 V (region 2 and 3) 
and 0.74 V (region 4) which correspond to bulk oxidation of CO from the solution and oxidation 
of chemisorbed CO, respectively.69,76 The stress-potential curve exhibits continuous tensile stress 
change starting from 0.1 V as was observed in CO-free solution (Figure 2.3).64,68 The surface stress 
exhibits a rapid tensile response from 0.66 V to 0.77 V (region 3 and 4) and becomes compressive 
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after reaching the maximum tensile change, 0.85 ± 0.07 N/m, at the second peak (region 4 and 5). 
Most of the stress response is associated with the peak at 0.74 V as seen in Figure 2.5e (region 3 
and 4). In the cathodic scan, adsorption of CO takes place starting at 0.64 V where a reductive 
peak is observed in the CV64,69,76,77 and compressive surface stress change is observed (region 2).20 
The magnitude of this surface stress change is 0.84 ± 0.01 N/m, which is very close to the 
magnitude of tensile surface stress change associated with the CO oxidation process in the anodic 
scan. This change is shown as a peak at 0.52 V in the derivative of stress over the potential (Figure 
2.5e). In the derivative plot, there is another peak at 0.77 V in the cathodic scan (region 4), which 
was not observed in the CO-free solution. 
In 0.1 M NaOH solution, multiple oxidation peaks are observed in the CV and the oxidation 
starts earlier than in 0.1 M HClO4 solution.
70,78 The surface stress becomes tensile slightly before 
the most negative peak (region 2). The stress-potential slope dramatically decreases after the 
second oxidation peak (region 3) and becomes negative after the third peak (region 4). The 
maximum tensile surface stress change observed during the oxidation of CO is 1.14 ± 0.08 N/m, 
which is larger than that in HClO4 solution. In the cathodic scan, a compressive surface stress 
response of 1.00 ± 0.06 N/m is observed (region 2) due to the adsorption of CO and the magnitude 
is comparable to that of the tensile surface stress change associated with the CO oxidation process 
in the anodic scan. In the derivative of stress with respect to the potential (Figure 2.5f), one peak 
is observed in the anodic scan (region 3) and two peaks are observed in the cathodic scan (regions 
2 and 5), similar to the case in 0.1 M HClO4 solution. The derivative peak in Figures 2.5e and 2.5f 
associated with the compressive CO-adsorption surface stress response during the cathodic scan 
overlap with the derivative peak at the pre-oxidation of the CO monolayer in the CO-free 
environment, Figures 2.3e and 2.4c, respectively. 
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Thus, the presence of CO in the electrolyte (Figure 2.5) affects the CVs markedly, but the 
surface stress responses during the oxidation process are similar to that in CO-free solutions 
(Figures 2.3 and 2.4). The magnitude of the tensile surface stress change associated with CO 
oxidation during the anodic scan is very similar in CO-free and CO-saturated electrolytes (Table 
2.1). Further, in the stress-potential derivative plots, the anodic peaks in Figures 2.5e and 2.5f with 
dissolved CO in the electrolyte are shifted to more positive potentials compared to the anodic peaks 
in the same electrolyte without dissolved CO (Figure s2.3e and 2.4c). These suggest that the 
surface stress response is mainly governed by the oxidation of chemisorbed CO molecules, which 
takes place after the oxidation of solution phase CO molecules. 
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Figure 2.5. CV of CO-decorated Pt(poly) in CO-saturated (a) 0.1 M HClO4 and (b) 0.1 M NaOH 
at a scan rate of 10 mV/s, corresponding surface stress changes and derivative of the surface stress 
with respect to the electrode potential in CO-saturated 0.1 M HClO4 ((c) and (e)) and 0.1 M NaOH 
((d) and (f)). CO was adsorbed at Eads = 0.1 V. The gray region corresponds to the Hupd region in 
the blank CV, the yellow, white and red regions correspond to different CO oxidation peaks, and 
the blue region corresponds to potentials where the Pt surface is oxidized. 
 
 
Table 2.1. Summary of the surface stress changes observed during the oxidation of CO 
adlayer and adsorption of CO on the surface in HClO4 and NaOH. 
 
CO-free electrolyte CO-saturated electrolyte 
anodic anodic cathodic 
HClO4 NaOH HClO4 NaOH HClO4 NaOH 
Δstress 
(N/m) 
0.90 ± 0.27 1.11 ± 0.09  0.85 ± 0.07  1.14 ± 0.08 0.84 ± 0.01 1.00 ± 0.06 
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2.3.1.5 Oxidation of NO Monolayer in Acid 
 Figures 2.6a and 2.6b show CVs obtained in the absence and in the presence of an NO 
adlayer, respectively, in a solution containing 0.1 M HClO4. The surface stress response for the 
blank voltammogram (Figure 2.6c) shows a compressive stress change in the anodic scan due to 
oxidation of Pt surface and tensile stress change in the reverse scan as the oxide layer is reduced, 
similar to what was reported previously.52 When the Pt surface is decorated with NO, oxidative 
current starts to flow at 1.1 V (region 2) where the adsorbed NO is oxidized to nitrate.79,80 The 
surface stress exhibits a compressive response (Figure 2.6d) when the oxidation takes place. In the 
cathodic scan, the Pt oxide reduction charge decreases by 46 ± 1 % and the corresponding tensile 
surface stress response is decreased by 51 ± 6 % in the presence of the adsorbed NO layer. The 
correspondence between the oxide inhibition and the stress magnitude reduction suggests that the 
surface oxide formation and removal dominates the stress response for the NO case.  Further, de 
Vooys et al. reported that the oxidation of NO adlayer was incomplete even after keeping the Pt 
electrode at 1.4 V vs. RHE for 15 minutes.79 This residual adsorbed NO could be the origin of 
oxide and surface stress inhibition (region 1). 
We note the overall surface stress change following cycling from 0.5 V to 1.3 V and back 
to 0.5 V is zero both with and without the NO adlayer.  This suggests that adsorption oxidation 
product in the anodic scan, NO3
-, may be giving a stress response similar to that of NO at 0.5 V.  
The stress-potential behavior for NO is very different from that found for CO (Figures 2.3c and 
2.4b) where substantial hysteretic behavior at negative potentials was found, following the CO 
oxidation. 
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Figure 2.6. CV of Pt(poly) in 0.1 M HClO4 (a) in the absence and (b) in the presence of an NO 
adlayer at a scan rate of 10 mV/s, and corresponding surface stress changes (c), (d). The blue 
region corresponds to potentials where the NO-free Pt surface is oxidized and the green region 
corresponds to potentials where the NO adlayer is oxidized. 
2.3.2 Computational Analysis of the Surface Stress Response 
 Computational analysis of surface stress augments the rich but complex information that 
we obtain from experiment. To develop an atomic-level picture of the relationship between 
adsorption and stress, we employ periodic DFT calculations to probe the stress change of Pt 
electrodes in response to OH, CO, NO, and NO3 adsorption/desorption. As the polycrystalline Pt 
electrodes in our experiments are primarily composed of (111)-type terraces (Figure 2.7 and Table 
2.2), we use this single crystal surface for the majority of our modeling efforts. Additionally, since 
Hupd peaks in the blank CVs (Figure 2.1) suggest that (110)-type steps
81 may be present on the 
crystals, we analyze the response of a (221) stepped surface, as well. 
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Figure 2.7. XRD pattern of the Pt cantilever electrode. 
 
Table 2.2. Relative intensity of the XRD patterns in Figure 2.7 calculated from the integrated 
peak area. Reference values are listed for comparison82. 
(hkl) 
cantilever electrode reference82 
2θ (degrees) 
relative 
intensity 
2θ (degrees) 
relative 
intensity 
(111) 39.6 100 39.8 100 
(200) 46.0 5 46.3 53 
(220) 67.5 1 67.5 31 
(311) 80.9 5 81.4 33 
(222) 85.4 11 85.8 12 
 
The calculated surface stress on clean Pt(111) is 4.80 N/m (Table 2.3), which is in 
reasonable agreement with a value 4.47 N/m from previous PAW calculations.83 Experimentally 
measured surface stress of Pt particles with (220) and (422) crystalline faces were 3.86 ± 0.7 N/m 
and 4.44 ± 1 N/m, respectively at 300 K.84 This intrinsic tensile stress of clean metal surfaces is 
due to redistribution of the charge of missing bonds at the surface and consequent increased bond 
strength between surface atoms.85  
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Figure 2.8. Calculated surface stress of clean p(2×2) slabs with different thickness. 
 
Table 2.3. Calculated surface stress of clean Pt(111) surface with different super cells. The average 
value of the six different super cells is used in this report. 
super cell 
sab thickness 
(layers) 
stress (N/m) average (N/m) 
p(2×2) 
6 4.88 
4.72 
7 4.55 
p(3×3) 
6 4.93 
4.75 
7 4.56 
p(4×4) 
6 4.93 
4.76 
7 4.60 
c(4×2) 
6 5.03 
4.81 
7 4.59 
c(6×2) 
6 5.04 
4.84 
7 4.65 
√19×√19 
6 5.00 
4.92 
7 4.84 
 
Table 2.4 shows the calculated excess surface stress induced by four different adsorbates, 
CO, NO, OH, and NO3, at different coverages on Pt(111). Corresponding adsorption structures 
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and binding energies are shown in Tables 2.5 and 2.6. As a point of comparison, we note that 
surface stress changes during CO adsorption on Pt(111) in UHV have been previously studied.  
The corresponding experimental value was -2.6 N/m at a CO coverage of 0.5 ML at 300 K,85,86 
which is comparable to our calculated value of -2.22 N/m. 
 
Table 2.4. Calculated excess surface stress induced by CO, OH, NO and NO3 on Pt(111) at 
different coverages. 
coverage on 
Pt(111) 
(ML) 
adsorption stress, Δσ (N/m) 
CO OH NO NO3 
1/16 -0.26  -0.27 -0.31 
1/9 -0.52  -0.39 -0.49 
1/6 -0.97 -0.52   
1/4 -1.27  -0.80 -0.88 
1/3 -2.02 -1.15   
1/2 -2.22 -1.68 -2.20 -3.53 
2/3  -2.57   
13/19 -4.40    
3/4 -4.83  -5.77  
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Table 2.5.  Adsorption structures and corresponding adsorption energies of CO and OH on 
Pt(111) used in the calculations of the excess surface stress at different coverages.  Pt atoms 
are shown in light gray, C in dark gray, O in red, and H in white. 
coverage on 
Pt(111) 
(ML) 
CO OH 
optimized 
structure 
Ead (eV) 
optimized 
structure 
Ead (eV) 
1/16 
 
-1.74   
1/9 
 
-1.70   
1/6 
 
-1.69 
 
0.86 
1/4 
 
-1.61   
1/3 
 
-1.62 
 
0.64 
1/2 
 
-1.65 
 
0.68 
2/3   
 
0.71 
13/19 
 
-1.49   
3/4 
 
-1.43   
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Table 2.6. Adsorption structures and corresponding adsorption energies of NO and NO3 on 
Pt(111) used in the calculations of the excess surface stress at different coverages. Pt atoms 
are shown in light gray, N in blue, and O in red. 
coverage on 
Pt(111) 
(ML) 
NO NO3 
optimized 
structure 
Ead (eV) 
optimized 
structure 
Ead (eV) 
1/16 
 
-1.95 
 
0.29 
1/9 
 
-1.89 
 
0.34 
1/4 
 
-1.88 
 
0.39 
1/2 
 
-1.61 
 
0.65 
3/4 
 
-1.41   
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Figure 2.9. Calculated excess surface stress, Δσ, induced by adsorption of 0.25 ML CO on Pt(111) 
at (a) top, (b) bridge, (c) fcc and (d) hcp site. p(2×2) slabs with different thickness have been tested.  
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2.3.2.1 Adsorption of CO and OH 
 In Figure 2.10, the calculated excess surfaces stress due to adsorption of CO and OH are 
plotted as a function of the respective coverages. The changing coverages, moving from left to 
right across the plot, can be correlated to increasing potentials during the anodic scan in the CV 
where the OH coverage increases and the CO coverage decreases. Adsorption of both CO and OH 
creates compressive excess surface stress. This response can be attributed to charge transfer and 
charge redistribution upon adsorption, which reduces charge density between the surface metal 
atoms and relieves the intrinsic tensile stress of the clean surface. It is interesting to note that 
adsorption of CO generates greater compressive stress compare to that of OH at the same coverage. 
This result could be explained by the Blyholder model,87 where the strong additional back donation 
from Pt to CO will further reduce the charge density between the surface metal atoms and hence 
decreases the intrinsic tensile stress. At higher coverages, repulsion between the adsorbates will 
also contribute to the compressive stress change.85 This effect of adsorbates is shown as a nonlinear 
behavior of the calculated excess stress at high coverages. 
The calculated compressive excess stress from OH adsorption changes linearly with OH 
coverage, a trend also observed experimentally in Figure 2.2, where the magnitude of the 
compressive stress response is proportional to the amount of the oxidative charge passed. The 
excess stress in the presence of the CO adlayer on the Pt cantilever electrode (Figures 2.3c and 
2.4b), on the other hand, changes nonlinearly during the anodic scan, and the calculated results 
also show varying stress-coverage slopes, i.e. from 0.75 ML consecutive to 0.5ML, 0.25 ML and 
0 ML, the Δσ(CO) are 2.61 N/m, 0.95 N/m and 1.27 N/m, respectively. This nonlinearity can be 
attributed to two factors: different stresses induced at different adsorption sites and compressive 
stress changes induced by repulsion between the adsorbates.  
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Figure 2.10. Plot of the calculated excess surface stress induced by CO (blue) and OH (red) 
adsorption as a function of coverage. The x-axis towards the right can be correlated with the 
positive potentials during the anodic scan of the CO oxidation in Figure 2.3b. The sum Δσ(CO) + 
Δσ(OH) is shown as a gray dotted line. 
For CO adsorption at 0.25 ML, the calculated adsorption stresses for top, bridge, hcp and 
fcc sites are -1.27 N/m, -0.54 N/m, -0.35 N/m, and -0.68 N/m, respectively. At 0.75 ML, where 
CO occupies a mixture of fcc, hcp, and top sites, the stress of -4.83 N/m is much larger than the 
summation of contributions from individual sites (-2.30 N/m), indicating the importance of 
repulsion effects between CO molecules on the excess stress at high CO coverage. This effect 
could also explain the noticeable stress development induced by a small amount of CO 
desorption/oxidation before and during the preoxidation at low potentials (high CO coverages). At 
intermediate coverages (0.5 ML - 0.33 ML), the interaction between the adsorbates has a less 
significant effect on the stress development, as suggested by the fact that the stress at 0.5 ML (-
2.22 N/m), where CO has a pattern of (top+bri)/Pt(111)-c(4x2) occupation, is comparable to the 
sum of the adsorption stress at the top site and the bridge site, -1.27 N/m and -0.54 N/m, 
respectively (= -1.81 N/m). In this coverage range, the site-dependent excess stress, which is more 
significant for top site adsorption, plays a more important role. This effect can be clearly seen from 
nearly coverage-independent stress from 0.5 ML-2CO(top+bri)/Pt(111)-c(4x2) (-2.22 N/m), to 
52 
 
0.33 ML-1CO(top)/Pt(111)-(2x2) (-2.02 N/m). At lower CO coverages (< 0.33 ML), the calculated 
compressive excess stress from CO adsorption becomes linearly dependent on the CO coverage.  
At low CO coverages (corresponding to higher electrode potentials), co-adsorbed 
structures of CO and OH may become relevant. To evaluate whether nonlinear contributions to the 
excess stress can result from such mixed layers, we performed calculations of a co-adsorbed 
structure consisting of 1/6 ML CO and 1/6 ML OH.  This configuration yielded -1.43 N/m excess 
surface stress (Table 2.7). This result is very close to the sum of -0.97 N/m and -0.52 N/m (= -1.49 
N/m), the excess surface stresses calculated from 1/6 ML CO and 1/6 ML OH, respectively. This 
result indicates the additional surface stress generated by the interaction between adsorbed CO and 
OH is not significant at low coverages, as also observed for CO-CO interactions at medium and 
low coverages.  
Table 2.7. Co-adsorbed structure consisting of 1/6 ML CO and 1/6 ML OH on Pt(111) and 
corresponding excess surface stress and differential adsorption energies. Pt atoms are shown 
in light gray, C in dark gray, O in red, and H in white. 
adsorption structure Δσ (N/m) Ead(CO) (eV) Ead(OH) (eV) 
 
-1.43 -1.66 0.90 
 
Motivated by the above result, in what follows, the excess surface stresses of co-adsorbed 
structures are obtained as a sum of isolated CO and OH excess surface stresses. To analyze this 
transitional regime in more detail, we first determine the coverage of CO where the OH starts to 
adsorb on the surface. During the CO oxidation, adsorption of static OH on the surface induces 
compressive excess surface stress. Thus, the coverage of CO at the maximum tensile surface stress 
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change, θ(CO)max, can be used to perform a summation of the calculated Δσ(CO) and  Δσ(OH). 
θ(CO), the coverage of CO at a certain potential, is calculated as 
θ(CO) = (1 −
Q
Qtot
) ×0.68 
where Q is the charge at the corresponding potential and Qtot is the total oxidative charge passed 
during the anodic sweep. 0.68 is multiplied to normalize the initial coverage of CO to 0.68 ML.88 
In 0.1 M HClO4 solution, Qtot is calculated by integrating the oxidative current flowed from 0.1 V 
to 0.8 V. In 0.1 M NaOH solution, on the other hand, the oxidation of CO ends at a less positive 
potential and hence the oxidation charge measured from 0.1 V to 0.7 V is used. Figures 2.11 and 
2.12 demonstrates how θ(CO)max is obtained in 0.1 M HClO4 and 0.1 M NaOH solutions, 
respectively. 
 
Figure 2.11. (a) CO stripping voltammmogram in 0.1 M HClO4 solution (black) and calculated 
CO coverage, θ(CO) (red). The blue dotted line corresponds to the potential where the maximum 
tensile surface stress is reached in (b) and the arrow indicates the θ(CO)max.  
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Figure 2.12. (a) CO stripping voltammmogram in 0.1 M NaOH solution (black) and calculated 
CO coverage, θ(CO) (red). The blue dotted line corresponds to the potential where the maximum 
tensile surface stress is reached in (b) and the arrow indicates the θ(CO)max. 
In HClO4 solution, the CO coverage at the maximum tensile surface stress calculated from 
the charge, θ(CO)max, is 0.15 ± 0.06 ML (Figure 2.11). The sum of CO and OH excess surface 
stresses, starting from a CO coverage of 0.15 ML, are determined and shown as gray dotted lines 
in Figure 2.10, with a maximum tensile Δstress of 3.61 N/m. In NaOH solution, θ(CO)max was 
calculated to be 0.11 ± 0.02 ML using the oxidative charge from 0.1 V to 0.7 V (Figure 2.12) and 
the maximum tensile Δstress obtained from the summation of the calculated stress is 3.88 N/m 
(Figure 2.13). 
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Figure 2.13. Plot of the calculated excess surface stress induced by CO (blue) and OH (red) as a 
function of coverage. The x-axis towards the right can be correlated to the positive potentials 
during the anodic scan of the CO oxidation. The sum Δσ(CO) + and Δσ(OH), shown as gray dotted 
line, is obtained using θ(CO)max = 0.11 ML.   
   We note that the magnitude of the calculated excess surface stress, Δσcalc, is about four 
times greater than the corresponding experimental values, Δσexp (Table 2.8). This difference in the 
magnitude could be partly attributed to the presence of steps and defects on the Pt(poly) cantilever 
electrode, which are not considered in the calculations. Steps and defect sites are less coordinated 
than the terrace sites, and thus polycrystalline surfaces will have more flexibility to relieve excess 
stress. This trend is indeed observed from the calculations of adsorption-induced stress of Pt(221) 
surfaces, i.e. adsorption on steps induce much smaller stress change than that on terraces (see 
Tables 2.9 and 2.4). Moreover, recent studies by Deng et al. experimentally showed the correlation 
between the surface roughness and the surface stress magnitudes.89 Although such defects clearly 
affect the surface stress response, the qualitative trend on the close-packed Pt surface closely 
follows the experimental result, as discussed below. 
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Table 2.8. Summary and comparison of the experimentally measured surface stress 
response, Δσexp, and the calculated excess surface stress, Δσcalc. 
 experiment Δσexp (N/m) calculation Δσcalc (N/m) 
CO oxidation 
HClO4 0.90 ± 0.27 θ(CO)max = 0.15 ML 3.61 
NaOH 1.11 ± 0.09 θ(CO)max = 0.11 ML 3.88 
OH adsorption 
HClO4 -0.26 ± 0.08 θOH = 0.33 ML  -1.14 
NaOH -0.61 ± 0.05 θOH = 0.67 ML -2.57 
 
 
Table 2.9. Adsorption structures of CO and OH on Pt(221) surfaces used in the calculations 
of excess surface stress at 1/6 ML coverage. The corresponding excess surface stress values 
(Δσ) and adsorption energies (Ead) are also reported. Pt atoms are shown in light gray, C in 
dark gray, O in red, and H in white. 
adsorption 
on Pt(221) 
CO OH 
optimized 
structure 
Δσ (N/m) Ead (eV) 
optimized 
structure 
Δσ (N/m) Ead (eV) 
step 
 
-0.25  -1.98 
 
0.08 0.52 
terrace 
 
-0.69  -1.51 
 
-0.37 0.95 
step + 
terrace 
 
-1.18  -1.70 
 
-0.30 0.72 
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The calculated Δstress curve in Figure 2.10 shows a close correspondence to that obtained 
experimentally in Figure 2.3b. The change in the stress-potential slope and the inflection point at 
higher potentials due to OHads can be seen as the nonlinear stress-coverage slope and the linear 
combination of CO and OH adsorption induced Δσ at low adsorbate coverages, respectively. In 
0.1 M NaOH (Figure 2.4b), the inflection point is also present, but the change in the stress-potential 
slope shows a different trend in that the slope continuously decreases. This continuous decrease in 
the slope could be attributed to the much lower CO coverage after the first oxidation peak 
compared to that after the prepeak in HClO4. Furthermore, the calculated excess surface stress for 
COads at the terrace site is greater than that at the upper side of the step, suggesting that the first 
oxidation peak with the steepest slope comes from the removal of CO at terrace sites. This 
sequential oxidation of COads and hence multiple oxidation peaks in alkaline have been previously 
reported.72,74  
2.3.2.2 Adsorption of NO and NO3 
 The excess surface stress of NO in Table 2.4 indicates that the surface stress should become 
tensile as the compressive excess stress from NO is removed, similar to the trend observed during 
CO adlayer oxidation. Following oxidation of NO, however, we observed no change in surface 
stress upon return to 0.5 V (Figure 2.6).  This behavior suggests that NO is replaced by another 
adsorbate during oxidation.  This adsorbate is likely NO3
-, which is generated as an oxidation 
product.79,80  In Figure 2.14, NO and NO3 adsorption induced excess surface stresses are plotted 
as a function of the corresponding coverage. Interestingly, the excess surface stress associated with 
these two species is nearly the same at low coverages. This trend continues until 0.25 ML coverage, 
which is close to the estimated coverage (0.28 ML) of oxidized NO.79  
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Figure 2.14. Plot of the calculated excess surface stress induced by NO (green) and NO3 (purple) 
as a function of coverage. 
 
2.4 Conclusions 
The surface stress development during electrochemical oxidation of COads and NOads on Pt 
was studied using in situ surface stress measurements and DFT calculations. The oxidation of 
COads induces a nonlinear tensile Δstress in both 0.1 M HClO4 and 0.1 M NaOH solutions. As the 
potential is swept further positive and OH starts to adsorb on the surface at a low CO coverage, a 
compressive Δstress is created. This opposite Δstress from the removal of COads and the adsorption 
of OH give rise to a maximum tensile Δstress during the anodic scan. The magnitude of this 
maximum tensile Δstress and the potential where this maximum is reached are different in acidic 
and alkaline electrolytes due to the difference in the oxidation profile of the COads. Once the CO 
adlayer is removed, the surface stress response follows that observed in the blank and an overall 
tensile Δstress is observed. In the presence of CO in the electrolyte, a similar magnitude of tensile 
Δstress to that in the CO-free electrolyte is observed during the anodic scan despite the differences 
in the CVs, indicating that the surface stress response is mainly governed by the chemisorbed CO. 
Further, a compressive Δstress with a magnitude similar to the tensile Δstress during the oxidation 
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of COads is observed in the cathodic scan due to the adsorption of CO. While the removal of COads 
and adsorption of OH gives a stress pattern which changes sign as a function of the potential, such 
is not the case with NO. This different behavior can be attributed to the replacement of NO by the 
oxidation product, NO3, instead of complete desorption as NO3
-. The two adsorbates, NO and NO3, 
induces similar if not identical contribution to the electrochemical surface stress and no overall 
change in the surface stress is seen after one full cycle.  
DFT calculations show that the adsorbate-induced excess surface stress is determined by 
the adsorbed species, the adsorption site and the adsorbate coverage. Four different adsorbates – 
CO, OH, NO, and NO3 – were examined. At all coverages, the magnitude of OHads-induced surface 
stress is the smallest.  For the COads, adsorption at the top site induces a larger surface stress than 
that from the multi-fold site adsorption. The magnitude of the surface stress created by NOads and 
NO3ads are essentially identical at coverages up to 0.25 ML. At low coverages, the surface stress 
becomes linearly dependent on the adsorbate coverage. Hence, the surface stress from co-adsorbed 
structures can be simply calculated as a summation of the surface stress induced by individual 
adsorbates. At medium and high coverages, on the other hand, the surface stress shows a 
nonlinearity because of strong repulsion effects and multi-site adsorptions. The calculated excess 
stresses can be used not only to semi-quantitatively explain the nonlinear stress development 
during CO electrochemical oxidation, but also to confirm the NO electrochemical oxidation 
process proposed from experiments. 
 
2.5 References 
(1) Garcia, G.; Koper, M. T. ChemPhysChem 2011, 12, 2064-2072. 
60 
 
(2) Cuesta, A.; Gutierrez, C.; John Wiley & Sons, Inc., 2011, pp 339-373. 
(3) Inukai, J.; Tryk, D. A.; Abe, T.; Wakisaka, M.; Uchida, H.; Watanabe, M. J. Am. Chem. Soc. 
2013, 135, 1476-1490. 
(4) Lagutchev, A.; Lu, G. Q.; Takeshita, T.; Dlott, D. D.; Wieckowski, A. J. Chem. Phys. 2006, 
125, 154705. 
(5) Heinen, M.; Chen, Y. X.; Jusys, Z.; Behm, R. J. Electrochim. Acta 2007, 52, 5634-5643. 
(6) Kanezashi, I.; Nohara, S.; Omura, J.; Watanabe, M.; Uchida, H. J. Electroanal. Chem. 2011, 
662, 123-129. 
(7) Gilman, S. J. Phys. Chem. 1964, 68, 70-80. 
(8) Haiss, W. Rep. Prog. Phys. 2001, 64, 591-648. 
(9) Kramer, D. Phys. Chem. Chem. Phys. 2008, 10, 168-177. 
(10) Haiss, W.; Sass, J.-K. Langmuir 1996, 12, 4311-4313. 
(11) Shin, J. W.; Bertocci, U.; Stafford, G. R. J. Phys. Chem. C 2010, 114, 17621-17628. 
(12) Stafford, G. R.; Beauchamp, C. R. J. Electrochem. Soc. 2008, 155, D408-D413. 
(13) Chung, K. Y.; Kim, K.-B. J. Electrochem. Soc. 2002, 149, A79-A85. 
(14) Sethuraman, V. A.; Van Winkle, N.; Abraham, D. P.; Bower, A. F.; Guduru, P. R. J. Power 
Sources 2012, 206, 334-342. 
(15) Tavassol, H.; Chan, M. K. Y.; Catarello, M. G.; Greeley, J.; Cahill, D. G.; Gewirth, A. A. J. 
Electrochem. Soc. 2013, 160, A888-A896. 
(16) Stafford, G. R.; Bertocci, U. J. Phys. Chem. C 2009, 113, 13249-13256. 
(17) Engstrom, E. L.; Heaton, T.; Kennedy, J. K.; Friesen, C. J. Electrochem. Soc. 2012, 159, 
A613-A617. 
(18) Hoang, T. T. H.; Cohen, Y.; Gewirth, A. A. Anal. Chem. 2014, 86, 11290-11297. 
61 
 
(19) Erickson, E. M.; Oruc, M. E.; Wetzel, D. J.; Cason, M. W.; Hoang, T. T. H.; Small, M. W.; 
Li, D.; Frenkel, A. I.; Gewirth, A. A.; Nuzzo, R. G. Anal. Chem. 2014, 86, 8368-8375. 
(20) Mickelson, L.; Heaton, T.; Friesen, C. J. Phys. Chem. C 2008, 112, 1060-1063. 
(21) Mickelson, L. L.; Friesen, C. J. Am. Chem. Soc. 2009, 131, 14879-14884. 
(22) Langer, J. L.; Economy, J.; Cahill, D. G. Macromolecules 2012, 45, 3205-3212. 
(23) de Vooys, A. C. A.; Koper, M. T. M.; van Santen, R. A.; van Veen, J. A. R. Electrochim. Acta 
2001, 46, 923-930. 
(24) Rodes, A.; Gómez, R.; Pérez, J. M.; Feliu, J. M.; Aldaz, A. Electrochim. Acta 1996, 41, 729-
745. 
(25) Bloechl, P. E. Phys. Rev. B 1994, 50, 17953-17979. 
(26) Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, 1758-1775. 
(27) Marsman, M.; Kresse, G. J. Chem. Phys. 2006, 125, 104101/104101-104101/104112. 
(28) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865-3868. 
(29) Kresse, G.; Hafner, J. Phys. Rev. B 1993, 48, 13115-13118. 
(30) Kresse, G.; Furthmueller, J. Phys. Rev. B 1996, 54, 11169-11186. 
(31) Monkhorst, H. J.; Pack, J. D. Phys. Rev. B 1976, 13, 5188-5192. 
(32) Zeng, Z.-H.; Da Silva, J. L. F.; Deng, H.-Q.; Li, W.-X. Phys. Rev. B 2009, 79, 205413. 
(33) Kittel, C. Introduction to Solid State Physics, 4th Ed; Wiley, 1971, pp 786. 
(34) Liu, M.; Han, Y.; Tang, L.; Jia, J.-F.; Xue, Q.-K.; Liu, F. Phys. Rev. B 2012, 86, 
125427/125421-125427/125425. 
(35) Nielsen, O. H.; Martin, R. M. Phys. Rev. B 1985, 32, 3780-3791. 
(36) Villegas, I.; Weaver, M. J. J. Chem. Phys. 1994, 101, 1648-1660. 
(37) Feibelman, P. J.; Hammer, B.; Norskov, J. K.; Wagner, F.; Scheffler, M.; Stumpf, R.; Watwe, 
62 
 
R.; Dumesic, J. J. Phys. Chem. B 2001, 105, 4018-4025. 
(38) Chang, K. C.; Menzel, A.; Komanicky, V.; You, H. Electrochim. Acta 2007, 52, 5749-5758. 
(39) Michaelides, A.; Hu, P. J. Am. Chem. Soc. 2001, 123, 4235-4242. 
(40) Clay, C.; Haq, S.; Hodgson, A. Phys. Rev. Lett. 2004, 92, 046102/046101-046102/046104. 
(41) Schiros, T.; Naeslund, L. A.; Andersson, K.; Gyllenpalm, J.; Karlberg, G. S.; Odelius, M.; 
Ogasawara, H.; Pettersson, L. G. M.; Nilsson, A. J. Phys. Chem. C 2007, 111, 15003-15012. 
(42) Matsumoto, M.; Tatsumi, N.; Fukutani, K.; Okano, T. Surf. Sci. 2002, 513, 485-500. 
(43) Zeng, Z.-H.; Da Silva, J. L. F.; Li, W.-X. Phys. Rev. B 2010, 81, 085408/085401-
085408/085405. 
(44) Yang, J.; Calle-Vallejo, F.; Duca, M.; Koper, M. T. M. ChemCatChem 2013, 5, 1773-1783. 
(45) Wellendorff, J.; Silbaugh, T. L.; Garcia-Pintos, D.; Noerskov, J. K.; Bligaard, T.; Studt, F.; 
Campbell, C. T. Surf. Sci. 2015, 640, 36-44. 
(46) Zeng, Z.-H.; Da Silva, J. L. F.; Li, W.-X. Phys. Chem. Chem. Phys. 2010, 12, 2459-2470. 
(47) Gajdos, M.; Eichler, A.; Hafner, J. J. Phys.: Condens. Matter 2004, 16, 1141-1164. 
(48) Piotrowski, M. J.; Piquini, P.; Zeng, Z.; Da Silva, J. L. F. J. Phys. Chem. C 2012, 116, 20540-
20549. 
(49) Arenz, M.; Mayrhofer, K. J. J.; Stamenkovic, V.; Blizanac, B. B.; Tomoyuki, T.; Ross, P. N.; 
Markovic, N. M. J. Am. Chem. Soc. 2005, 127, 6819-6829. 
(50) Subbaraman, R.; Danilovic, N.; Lopes, P. P.; Tripkovic, D.; Strmcnik, D.; Stamenkovic, V. 
R.; Markovic, N. M. J. Phys. Chem. C 2012, 116, 22231-22237. 
(51) Feibelman, P. J. Phy. Rev. B 1997, 56, 2175-2182. 
(52) Lafouresse, M. C.; Bertocci, U.; Stafford, G. R. J. Electrochem. Soc. 2013, 160, H636-H643. 
(53) Viswanath, R. N.; Kramer, D.; Weissmueller, J. Electrochim. Acta 2008, 53, 2757-2767. 
63 
 
(54) Strmcnik, D.; Escudero-Escribano, M.; Kodama, K.; StamenkovicVojislav, R.; Cuesta, A.; 
Marković, N. M. Nat. Chem. 2010, 2, 880-885. 
(55) Lucas, C. A.; Markovic, N. M.; Ross, P. N. Surf. Sci. 1999, 425, L381-L386. 
(56) Markovic, N. M.; Ross, P. N. Surf. Sci. Rep. 2002, 45, 117-229. 
(57) Markovic, N. M.; Grgur, B. N.; Lucas, C. A.; Ross, P. N. J. Phys. Chem. B 1999, 103, 487-
495. 
(58) Lebedeva, N. P.; Rodes, A.; Feliu, J. M.; Koper, M. T. M.; van Santen, R. A. J. Phys. Chem. 
B 2002, 106, 9863-9872. 
(59) Lebedeva, N. P.; Koper, M. T. M.; Feliu, J. M.; van Santen, R. A. J. Phys. Chem. B 2002, 106, 
12938-12947. 
(60) Samjeske, G.; Komatsu, K.-i.; Osawa, M. J. Phys. Chem. C 2009, 113, 10222-10228. 
(61) Farias, M. J. S.; Camara, G. A.; Feliu, J. M. J. Phys. Chem. C 2015, 119, 20272-20282. 
(62) Strmcnik, D. S.; Tripkovic, D. V.; van der Vliet, D.; Chang, K.-C.; Komanicky, V.; You, H.; 
Karapetrov, G.; Greeley, J. P.; Stamenkovic, V. R.; Markovic, N. M. J. Am. Chem. Soc. 2008, 130, 
15332-15339. 
(63) Urchaga, P.; Baranton, S.; Coutanceau, C.; Jerkiewicz, G. Langmuir 2012, 28, 3658-3663. 
(64) Hanawa, H.; Kunimatsu, K.; Uchida, H.; Watanabe, M. Electrochim. Acta 2009, 54, 6276-
6285. 
(65) Kunimatsu, K.; Sato, T.; Uchida, H.; Watanabe, M. Electrochim. Acta 2008, 53, 6104-6110. 
(66) Peng, B.; Yan, Y.-G.; Cai, W.-B. Electrochim. Acta 2010, 55, 8307-8311. 
(67) Cuesta, A. J. Electroanal. Chem. 2006, 587, 329-330. 
(68) Yan, Y.-G.; Yang, Y.-Y.; Peng, B.; Malkhandi, S.; Bund, A.; Stimming, U.; Cai, W.-B. J. 
Phys. Chem. C 2011, 115, 16378-16388. 
64 
 
(69) Wieckowski, A.; Rubel, M.; Gutierrez, C. J. Electroanal. Chem. 1995, 382, 97-101. 
(70) Markovic, N. M.; Lucas, C. A.; Rodes, A.; Stamenkovic, V.; Ross, P. N. Surf. Sci. 2002, 499, 
L149-L158. 
(71) Garcia, G.; Koper, M. T. M. Phys. Chem. Chem. Phys. 2008, 10, 3802-3811. 
(72) Farias, M. J. S.; Herrero, E.; Feliu, J. M. J. Phys. Chem. C 2013, 117, 2903-2913. 
(73) Farias, M. J. S.; Buso-Rogero, C.; Gisbert, R.; Herrero, E.; Feliu, J. M. J. Phys. Chem. C 2014, 
118, 1925-1934. 
(74) Garcia, G.; Koper, M. T. M. J. Am. Chem. Soc. 2009, 131, 5384-5385. 
(75) Iwasita, T.; Rodes, A.; Pastor, E. J. Electroanal. Chem. 1995, 383, 181-189. 
(76) Batista, E. A.; Iwasita, T.; Vielstich, W. J. Phys. Chem. B 2004, 108, 14216-14222. 
(77) Angelucci, C. A.; Herrero, E.; Feliu, J. M. J. Solid State Electrochem. 2007, 11, 1531-1539. 
(78) Perez, M. C.; Rincon, A.; Gutierrez, C. J. Electroanal. Chem. 2001, 511, 39-45. 
(79) de Vooys, A. C. A.; Beltramo, G. L.; van Riet, B.; van Veen, J. A. R.; Koper, M. T. M. 
Electrochim. Acta 2004, 49, 1307-1314. 
(80) Beltramo, G. L.; Koper, M. T. M. Langmuir 2003, 19, 8907-8915. 
(81) Will, F. G. J. Electrochem. Soc. 1965, 112, 451-455. 
(82) Swanson, H. E.; Tatge, E. Natl. Bur. Stand. Circ. 539 (U. S.) 1953, 1, 21-33. 
(83) Shiihara, Y.; Kohyama, M.; Ishibashi, S. Phys. Rev. B 2013, 87, 125430/125431-
125430/125436. 
(84) Solliard, C.; Flueli, M. Surf. Sci. 1985, 156, 487-494. 
(85) Ibach, H. Surf. Sci. Rep. 1997, 29, 193-263. 
(86) Grossmann, A.; Erley, W.; Ibach, H. Surf. Rev. Lett. 1995, 2, 543-548. 
(87) Blyholder, G. J. Phys. Chem. 1964, 68, 2772-2778. 
65 
 
(88) Gomez, R.; Feliu, J. M.; Aldaz, A.; Weaver, M. J. Surf. Sci. 1998, 410, 48-61. 
(89) Deng, Q.; Gosslar, D.-H.; Smetanin, M.; Weissmueller, J. Phys. Chem. Chem. Phys. 2015, 17, 
11725-11731. 
 
 
66 
 
Chapter 3 
 
In Situ Surface Stress Measurement and Computational Analysis Examining the Oxygen 
Reduction Reaction on Pt and Pd  
 
3.1 Introduction 
Pt-group metals and their alloys are the most commonly utilized catalysts for the oxygen 
reduction reaction (ORR) in low temperature polymer electrolyte membrane (PEM) fuel cells.  
Currently, Pt is the most active single element ORR electrocatalyst.1-4  Unfortunately, Pt has some 
intrinsic economic drawbacks, including very high cost and low availability. The activity of Pt is 
also strongly poisoned by various sources, such as membrane degradation products in PEM fuel 
cells, and by CO which is present as an impurity in reformed H2 fuel or can be created as a partial 
oxidation product in direct methanol fuel cells.  With these factors in mind, there has been a 
significant effort to both minimize Pt content, utilizing Pt alloys or shells, and to develop other 
less costly ORR electrocatalysts.     
Since Pt and Pd have similar electronic properties with similar atomic sizes and crystal 
structures, Pd has also been utilized as an ORR electrocatalyst.4-6  Pd has the second highest ORR 
activity of all bulk metals.7  Pd is also less susceptible to poisoning by fuel oxidation and membrane 
degradation products, such as CO, than the current fuel cell standard, Pt.1,5,8  With these attributes 
and the lower cost of Pd than Pt, Pd could be a viable alternative to Pt in fuel cell applications.  In 
acidic electrolytes, Pd based catalysts are less ORR active than Pt, despite numerous similarities.  
However, by utilizing different morphologies, the ORR activity of Pd can be modified and 
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enhanced to a level that is nearly as active as Pt.9-11  Interestingly, the ORR activity of Pd is 
enhanced in an alkaline electrolyte, becoming comparable to Pt.9,12-14   Pd-based electrocatalysts 
are often fabricated by coupling Pd with other metals, such as Co, Fe, or Ni, in either an alloy or 
monolayer core-shell scheme.5,12,15-22  Overall, ORR studies with Pd, in both alkaline and acidic 
electrolytes, have been driven towards improving the ORR activity of Pd to make it similar to that 
of Pt. 
 It has been shown previously that the Pt surface expands upon exposure to O2 during the 
ORR with apparent Pt-Pt bond elongation on the order of 5 to 10 mÅ in 0.1 M HClO4.
23  Since the 
structure and activity of Pd is similar to that of Pt, it is natural to ask whether a similar expansion 
might be present in the case of Pd as well. Herein, utilizing in situ surface stress measurements, 
the dynamic surface properties of Pt and Pd electrodes are further interrogated, in both acidic and 
alkaline electrolytes, in order to develop and further enhance trends in ORR activity. In addition, 
density functional theory (DFT) calculations of surface stress are carried out to enable molecular 
level understanding of the experimental phenomena.   
 
3.2 Methods 
3.2.1 Experimental Details 
Cantilevers were borosilicate glass coverslips (Gold Seal No. 1, 150 µm thick, Young’s 
Modulus = 75.9 GPa) coated on one side with the material of interest. Pd and Au cantilevers were 
fabricated using electron-beam physical vapor deposition (EB-PVD), where Pd or Au was 
deposited to a thickness of 200 nm onto glass coverslips initially coated with a 20 nm Ti adhesion 
layer.  
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Pt cantilevers were prepared by electrodeposition onto Au cantilevers, following previous 
reports in literature.24-26  An electrolyte of 3 mM Na2PtCl6 (Sigma Aldrich, 98%) and 0.5 M NaCl 
(Sigma Aldrich, ≥99%) was prepared using 18.2 MΩ Milli-Q water (Millipore, > 18 MΩ cm).  The 
deposition electrolytes were sonicated for 45 minutes prior to use.  Au cantilevers were cut to 
approximately 25 mm by 5 mm using a diamond-tipped pen, rinsed thoroughly with Milli-Q water, 
and quickly annealed using a H2 flame.  Electrodeposition of Pt on the Au cantilevers was achieved 
by holding the working electrode potential at -0.5 V vs. Ag/AgCl for 2 minutes.  The cantilevers 
were then thoroughly rinsed with and stored (less than 2 days) in Milli-Q water until used.     
X-ray diffraction (XRD) patterns of Pt and Pd cantilever electrodes show a strong (111)-
oriented texture (Figures 3.1 and 3.2).  
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Figure 3.1. XRD pattern of the Pt cantilever electrode prepared via electrodeposition of Pt on Au. 
Peak assignments made from 27. 
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Figure 3.2. XRD pattern of the Pd cantilever electrode prepared via electron beam physical vapor 
deposition. Peak assignments made from 27. 
 In situ surface stress data was collected using an optical stress measurement setup and cell 
described previously.23,28,29  Utilizing the cantilever bending method, the cantilever’s curvature 
was measured and used to calculate the surface stress using Stoney’s equation.30-32  A LabVIEW 
(National Instruments) program was used to record the in situ surface stress.  Refractive index used 
for the surface stress calculations is 1.333 for both 0.1 M HClO4 and 0.1 M KOH electrolytes. The 
surface stress of each cantilever was arbitrarily set to 0 at approximately 1.2 V vs. the reversible 
hydrogen electrode (RHE).  ∆netStress was then calculated by subtracting the surface stress under 
Ar from the surface stress under O2, for each cantilever.  The ∆netStress obtained for each 
cantilever/electrolyte system, is reported as an average with error bars represent the standard error 
for at least 3 separate measurements.   
Electrochemical measurements were performed using a CV-27 potentiostat (BASi) 
interfaced to a computer.  The coated cantilever was used as the working electrode, a glassy carbon 
rod was used as the counter electrode, and a Ag/AgCl “no leak” electrode (Cypress Systems) was 
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used for a reference electrode.  Potential conversion from “vs. Ag/AgCl” to “vs. RHE” was 
accomplished  by sparging the electrolytes with H2 and measuring the open-circuit potential using 
a Pt disk working electrode and the same counter and reference as noted previously.  Cyclic 
voltammagrams were measured at room temperature in Ar or O2 saturated 0.1 M HClO4 (J.T. 
Baker, Ultrex II Ultrapure Reagent grade) or 0.1 M KOH (Sigma Aldrich, 99.99%) at a scan rate 
of 10 mV/s. 
3.2.2 Computational Details 
Self-consistent total energy calculations were performed based on the projected augmented 
wave (PAW) method33-35 within the generalized gradient approximation (GGA-PBE)36, as 
implemented in the Vienna Ab-initio Simulation Package (VASP).37,38 Planewave basis sets with 
a kinetic energy cutoff of 500 eV and Monkhorst-Pack39 k-point grids were used in the 
calculations. Brillouin zone integration with (12×12×12) k-point grids were used for bulk 
calculations of face-centered cubic (fcc) Pt and Pd. The geometries were optimized until the 
maximum atomic forces were smaller than 0.001 eV/Å and a total energy convergence of 10-6 eV 
in the electronic self-consistent field loop was employed. The calculated lattice constants are 3.977 
Å for Pt and 3.952 Å for Pd, which agree well with previous GGA calculations40,41 and also with 
experimental results within the error of 1.3 % for Pt and 1.6 % for Pd.42  
Pt and Pd surfaces were modeled by repeated slabs generated with the optimized lattice 
constants and with at least 12 Å of vacuum perpendicular to the slab surface. (111)–p(3×3),  (111)–
p(2×2), and (221)–(1×2) surfaces were calculated using (4×4×1), (6×6×1), and (6×4×1) k-point 
grids, respectively. Forces on atoms were converged to within 0.01 eV/Å, and the energy 
convergence criterion of 10-5 eV was used. Dipole corrections were employed to screen the 
artificial interaction through the vacuum region. All atoms were allowed to relax so as to keep the 
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slabs symmetric in the z-direction. For calculations with adsorbates, the bottom two layers of the 
slab were fixed at their optimized positions, and the remaining atoms and adsorbates were allowed 
to relax further. Slabs with thickness of 3-12ML were used to evaluate convergence of the 
calculations. Then, slabs with 6, 7, and 8 monolayers (ML) thickness were used for the adsorption 
studies. The average value of results from the three slabs is reported here. A detailed description 
of the surface stress calculation is reported elsewhere.43,44  
 The average adsorption energy, Ead, was calculated using 
𝐸𝑎𝑑
O2 = [𝐸𝑡𝑜𝑡
O2/M − 𝐸𝑡𝑜𝑡
M − 𝑁×𝐸𝑡𝑜𝑡
O2 ]/𝑁 
𝐸𝑎𝑑
O = [𝐸𝑡𝑜𝑡
O/M
+ 𝑁×𝐸𝑡𝑜𝑡
H2 − 𝐸𝑡𝑜𝑡
M − 𝑁×𝐸𝑡𝑜𝑡
H2O]/𝑁 
𝐸𝑎𝑑
OH = [𝐸𝑡𝑜𝑡
OH/M
+ 𝑁×0.5×𝐸𝑡𝑜𝑡
H2 − 𝐸𝑡𝑜𝑡
M − 𝑁×𝐸𝑡𝑜𝑡
H2O]/𝑁 
where Etot
adsorbate/M, Etot
M , and Etot
molecule, are the total energies of the N adsorbates on metal substrate 
(Pt or Pd), the clean metal (Pt or Pd) surface, and the gas phase molecule, respectively, and N is 
the number of adsorbed molecules in the super cell.  
 
3.3 Results and Discussion 
3.3.1 Electrochemical Surface Stress Measurements of Palladium and Platinum  
Figure 3.3 shows cyclic voltammograms (CV) and corresponding surface stress responses 
during oxygen reduction electrocatalysis on Pt and Pd electrodes in acidic and alkaline 
environments. First, comparing the CV of Pt and Pd in Ar-saturated 0.1 M HClO4 (Figures 3.3a 
and 3.3b, gray line), a reductive peak at approximately 0.8 V is seen on both electrodes during the 
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cathodic (negative-going) scan and is attributed to the reduction of surface oxides.  This 
electrochemical behavior is monitored as a tensile surface stress profile in the corresponding stress 
response, similar to that reported with Pt cantilevers previously.23,43,45   As the potential is swept 
more negative on Pt electrodes, H underpotential deposition (upd) is seen in the CV as a negative 
peak at ca. 0.3V and as compressive ΔStress in the corresponding stress response.23,43,45 To avoid 
undesired Pd hydride formation at potentials below 0.4 V,46,47  this H upd potential window was 
avoided for Pd electrodes. Once the electrolyte is saturated with O2, oxygen reduction 
electrocatalysis is observed as a large reductive current (red line) at ca. 0.90 V on Pt and ca. 0.80 
V on Pd, consistent with prior results.9,10,48,49 While the qualitative features in the corresponding 
surface stress response are similar to that observed in the absence of O2 (i.e. tensile ΔStress in the 
surface oxide reduction region and compressive ΔStress in the H upd region), the magnitude of 
ΔStress in O2-saturated environment (red line) differs from that in Ar-saturated environment (gray 
line) in the stress response.  
In order to draw further comparisons, cyclic voltammetry and in situ surface stress 
measurements were also carried out in an alkaline electrolyte, 0.1 M KOH (Figures 3.3c and 3.3d).  
Under Ar (gray line), a reductive peak attributed to surface oxide reduction is seen at ca. 0.8 V on 
Pt and ca. 0.75 V on Pd in CV. At further negative potentials, the Pt electrode exhibits a H upd 
peak ca. 0.3 V. As observed in the acidic counterpart, there is a tensile surface stress profile 
associated with the surface oxide reduction and a compressive surface stress profile with H upd in 
the corresponding stress response.  Under O2-rich conditions (red line), a reductive current is 
observed at ca. 0.90 V on both Pt and Pd electrodes due to O2 reduction, which agrees with 
previous results.10,50-52 While for Pt this value is similar to that observed in HClO4, for Pd the ORR 
onset potential is earlier in alkaline than in acid.  This enhanced performance of Pd-based catalysts 
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in alkaline media has been previously reported.12,22,53-55  The slope in the CV seen more negative 
of ca. 0.7 V was also demonstrated using a Pt gauze electrode and a Pt foil electrode with similar 
dimensions to the cantilever electrodes that had been H2 flamed, but is not found in rotated 
electrodes. As observed in acidic electrolyte (Figures 3.3a and 3.3b), the corresponding stress 
responses once again demonstrate qualitatively similar stress profiles as found in the Ar-saturated 
environment, but with different magnitudes.  
 
Figure 3.3. Cyclic voltammograms at 10 mV/s (upper row) and corresponding surface stress 
responses during the cathodic sweep (lower row) on Pt (a and c) and Pd (b and d) cantilever 
electrodes in 0.1 M HClO4 (a and b) and 0.1 M KOH (c and d) electrolytes. Ar and O2 saturated 
environment are shown as gray and red lines, respectively.  
In order to analyze this potential dependent ΔStress differences under Ar and O2, ΔnetStress 
was calculated by subtracting the ΔStress observed under Ar-saturated environment from that 
monitored in the presence of O2 (Figure 3.4). Figure 3.4 shows that the ∆netStress for Pt in both 
acid and base is negative (compressive).  The magnitude of the ∆netStress for Pt in acid is similar 
to that reported previously.23 In KOH, ∆netStress for Pt still exhibits a compressive profile but with 
a smaller magnitude than in HClO4. On the other hand, Pd cantilevers in HClO4 exhibit very little 
overall stress change, near zero ∆netStress. This behavior can also be seen in the electrochemical 
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surface stress response in Figure 1b, where the addition of O2 yields, if anything, an increased 
tensile stress for most Pd cantilevers, indicating a slight surface contraction. ∆netStress of Pd in 
KOH shows a compressive profile as observed with Pt cantilvers, but the magnitude is smaller 
than ∆netStress of Pt in both KOH and HClO4.   
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Figure 3.4. The net surface stress changes during oxygen reduction reaction, ΔnetStress (= 
ΔStress(O2) – ΔStress(Ar)), on Pd and Pt cantilever electrodes in 0.1 M HClO4 and 0.1 M KOH 
electrolytes.   
The difference between the stress response for Pt and Pd could be related to a) differences 
in the energy of oxygen adsorbate or reduced product association with the surfaces, b) differences 
in binding site (for example, step vs. terrace) between the two materials or c) differential 
interaction of electrolyte with the different surfaces. These possibilities are further explored below.   
3.3.2 Computational Analysis of Adsorbate-Induced Excess Surface Stress 
 To examine the origin of different ∆netStress trends observed on Pt and Pd, we performed 
DFT calculations of excess surface stress (Δσ) induced by possible adsorbates during O2 reduction. 
Figure 3.5 presents calculated Δσ induced by O2, O, and OH at different coverages on Pt(111) and 
Pd(111) surfaces. Three different adsorption configurations are tested for O2: top-bridge-top (t-b-
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t), top-fcc-bridge (t-f-b), and top-hcp-bridge (t-h-b).56-58 For O and OH, fcc and top site adsorption 
are considered, respectively, as these are most favorable adsorption sites based on previous 
studies.59-62 Corresponding adsorption structures and adsorption energies (Ead) are shown in Figure 
3.6 and Table 3.1, respectively.  
 Calculated intrinsic stresses of clean surfaces are 4.94 N/m for Pt(111) and 2.20 N/m for 
Pd(111), which agree with previously reported values.63 The tensile surface stress is due to missing 
bonds on the surface leading to an attractive interaction between surface atoms.64,65 Pt(111) and 
Pd(111) have the same surface structure but show a factor of >2 difference in their intrinsic surface 
stress.  The origin of this difference is the bond strength difference between the two metals: Pt-Pt 
bonds are stronger than Pd-Pd bonds. This is consistent with a larger cohesive energy of Pt (-5.84 
eV from experiments and -5.53 eV from our calculations) than that of Pd (-3.89 eV from 
experiments and -3.70 eV from our calculations), and also with a larger bulk modulus of Pt (277 
GPa) relative to that of Pd (189 GPa).42,66  
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Figure 3.5. Calculated excess surface stress, Δσ (N/m), induced by adsorption of ORR reactant 
and intermediates, O2, O, and OH, on Pt(111) and Pd(111) surface at different coverages, θ (ML). 
(a), (b), and (c) report θ at 1/9, 1/4, and 1/2, respectively. Pt(111) results are shown in blue and 
Pd(111) results are shown in red.  
 
 
Table 3.1. Calculated adsorption energy, Ead (eV), of ORR reactant and intermediates, O2, 
O, and OH, on Pt(111) and Pd(111) surfaces at different coverages, θads (ML). 
Ead 
(eV) 
θads=1/9 θads=1/4 θads=1/2 
Pt(111) Pd(111) Pt(111) Pd(111) Pt(111) Pd(111) 
O2(t-b-t) -0.64  -0.50*  -0.60  -0.72  -0.53  -0.61  
O2(t-f-b) -0.61  -0.87  -0.66  -0.92  -0.37  -0.63  
O2(t-h-b) -0.51  -0.82 -0.53  -0.83  -0.31  -0.58  
O(fcc) 1.36  1.20  1.35  1.21 1.67  1.55  
OH(top) 0.88  0.93*  0.90  0.93*  0.70  0.78*  
*x- and y-coordinates of oxygen atom was fixed.  
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Figure 3.6. Top view (upper row) and side view (lower row) of possible adsorption structures of 
ORR reactant and intermediates, O2, O, and OH, on Pt(111) and Pd(111) examined in Figure 3.5. 
Substrate atoms (Pt and Pd) are shown in light gray, O in red, and H in white. 
 For most adsorbates, Figure 3.5 shows that the magnitude of Δσ on Pt(111) is greater than 
that on Pd(111) in all coverages tested. We note that O2(t-h-b), the only system where Pd(111) shows 
more compressive Δσ than Pt(111), is not energetically favored on either Pt(111) or Pd(111); 
binding energy calculations (Table 3.1) show that O2(t-b-t) or O2(t-f-b) is favored on Pt(111) and O2(t-
f-b) is most stable on Pd(111). The greater compressive Δσ observed on Pt(111) for nearly all 
adsorbate geometries can be correlated to a greater tensile intrinsic surface stress observed on 
Pt(111) (4.94 N/m) relative to Pd(111) (2.20 N/m) ). This relationship is further supported by the 
ratio of bulk modulus of Pt and Pd, 1.47, which is close to the ratio between Δσ on Pt(111) and 
Pd(111) presented in Table 3.2.  
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Table 3.2. Ratio between the magnitude of Δσ on Pt(111) and Pd(111) induced by ORR 
reactant and intermediates, O2, O, and OH, at different coverages, θads (ML). Values larger 
than one indicate greater compressive Δσ on Pt(111). 
 θads=1/9 θads=1/4 θads=1/2 
O2(t-b-t) 4.4 1.4 2.0 
O2(t-f-b) 1.1 1.3 1.3 
O2(t-h-b) 0.9 0.7 0.8 
O(fcc) 1.3 1.4 1.5 
OH(top) 1.6 1.9 2.1 
 
 The XRD patterns of cantilever electrodes show a strong (111)-textured surface for both 
Pt and Pd (Figures 3.1 and 3.2) and the computational results show that Pt(111) exhibits a greater 
compressive Δσ than Pd(111), which agrees well with the experimental results (Figure 3.4). 
Nonetheless, the electrode surface will have defects as it is not a perfect single crystal and the 
effect of surface defects on Δσ needs to be examined. Further, CVs of Pt and Pd under Ar resemble 
those of polycrystalline surfaces, confirming the presence of surface defects. Thus, stepped (221) 
surfaces were tested and the results are shown in Figure 3.7.  
The tensile intrinsic surface stress of Pt(221) is larger than that of Pd(221), the same trend 
observed for the (111) surface (Figure 3.7a). This trend can be once again correlated to their 
mechanical properties, where the bulk modulus of Pt is greater than that of Pd. However, the 
magnitudes of intrinsic stress are much smaller on the (221) surface than those of the 
corresponding (111) surfaces. On stepped (221) surface, the tensile stress will be partially released 
in the presence of the defects (i.e. steps site) exhibiting flexibility. Similar behavior was observed 
on Mg(0001) and Mg(10 1̅0) surfaces, where a compact Mg(0001) exhibited a much greater 
intrinsic tensile surface stress (1.05 N/m) than that of a corrugated Mg(101̅0) surface (0.26 N/m).44  
79 
 
 Figures 3.7b and 3.7c present Δσ induced by O2(t-b-t), O(fcc), and OH(top)x2 on Pt(221) and 
Pd(221), respectively, at two different sites notated as (i) step-edge and (ii) step-terrace (Figure 
5d). Corresponding Ead and binding structures are shown in Table 3.3 and Figure 3.8, respectively. 
Here, the most stable adsorption configuration of O2 at the step-edge site, O2(t-b-t), is reported and 
two OH’s are adsorbed at the step-edge site, OH(top)x2, to create a chain-like hydrogen bonded 
structure. The results in Figures 5b and 5c clearly show that adsorption at step-edge sites exhibits 
a smaller Δσ than that induced by adsorption at step-terrace sites. Similar trends were previously 
observed for CO and OH adsorption on Pt(111) and Pt(221) surfaces, and were attributed to the 
more flexible nature of step atoms, in turn resulting from their lower coordination numbers.43  
While Δσ at a step-edge site is slightly more compressive on Pd(221) (opposite from the 
results on (111) surface), the trend is reversed at step-terrace sites (same as the results on the (111) 
surface). Moreover, the difference between Δσ at step-edge and step-terrace for each adsorbate is 
-0.88±0.07 N/m for Pt(221) and -0.42±0.05 N/m for Pd(221). Thus, the amount of excess surface 
stress relieved at the step-edge site is about twice as large on Pt as on Pd. Interestingly, Pt has a 
tensile intrinsic surface stress that is about two times that of Pd on both (111) and (221) surfaces 
(Figure 5a). These observations suggest that the adsorbate-induced surface stress is closely related 
to the intrinsic surface stress of clean metal surfaces: compressive Δσ is relieved at more flexible 
step sites, and this effect is more pronounced on surfaces with greater intrinsic surface stress.  
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Figure 3.7. (a) Calculated intrinsic stress of (111) and (221) surfaces, shown in green and purple, 
respectively. (b, c) Adsorbate-induced excess surface stress, Δσ (N/m), calculated on Pt(221) and 
Pd(221) surfaces for O2(t-b-t), O(fcc), and OH(top)x2. Results from two different adsorption sites, (i) 
step-edge and (ii) step terrace are presented in red and blue, respectively, as shown in (d). 
 
 
Table 3.3. Calculated adsorption energy, Ead (eV), of ORR reactant and intermediates, O2, 
O, and OH, on Pt(221) and Pd(221) surfaces at step-edge and step-terrace sties. 
Ead (eV) 
step-edge step-terrace 
Pt(221) Pd(221) Pt(221) Pd(221) 
O2(t-b-t) -1.39 -1.21 -0.49 -0.78 
O(fcc) 1.25 1.11 1.67 1.24 
OH(top)x2 0.30 0.60 0.75 0.74* 
*x- and y-coordinates of oxygen atom was fixed.  
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Figure 3.8. Top and side views of optimized adsorption structures of O2(t-b-t), O(fcc), and OH(top)x2, 
on Pt(221) and Pd(221) examined in Figure 5. Substrate atoms (Pt and Pd) are shown in light gray, 
O in red, and H in white. 
To summarize, the (221) surface analysis shows that compressive Δσ induced by 
adsorbates is relieved at step sites. Thus, the surface stress changes observed experimentally will 
be mostly coming from the contribution from terrace sites, due to (111)-textured electrode surfaces 
and also to Δσ at step sites being smaller than that on terrace sites. Experimental results show that 
Pt electrodes exhibit a greater compressive ΔnetStress than found for Pd in both acidic and alkaline 
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electrolytes, and this trend can be correlated to a more compressive Δσ calculated on Pt(111) 
relative to Pd(111) for most adsorbates (Figure 3.5). However, Pt and Pd electrodes show a 
different trend in pH dependence. ΔnetStress is less compressive in KOH for Pt while it is more 
compressive for Pd compared to that in HClO4 (Figure 3.4).  
The origin of this behavior can be associated with different reaction products created in 
acid and base. In acid H2O is created while in base OH
- is created, an anion which will adsorb 
more strongly at positive potentials. On terrace sites, OHads induces a compressive Δσ. Thus, a 
higher surface coverage of OHads in alkaline relative to that in acid will create a more compressive 
ΔnetStress, as observed on Pd. However, the opposite behavior is observed on Pt and this can be 
related to an interesting Δσ behavior observed with OHads on Pt(221), where OH(top)x2 at step-edge 
sites induce a significant tensile Δσ. Moreover, corresponding Ead calculations show that OH(top)x2 
on Pt(221) step-edge sites is greatly stabilized. On the other hand, Δσ from OH(top)x2 on Pd(221) 
step-edge site is still slightly compressive and Ead is close to that on terrace sites. Therefore, OHads 
on step-edge site will be favored on Pt and contribute as a tensile Δσ, leading to a less compressive 
ΔnetStress in alkaline electrolyte.   
 
3.4 Conclusions 
In summary, in situ surface stress measurements have been used to interrogate different 
adsorbates (O2, O, and OH) on Pt and Pd electrodes during the oxygen reduction reaction.  
Experiments show that Pt surfaces expand during O2 reduction in both acidic and alkaline 
electrolytes, with a smaller magnitude in alkaline. The net surface stress response induced by O2 
reduction is significantly reduced on Pd electrodes: Pd electrodes in acidic electrolyte show close 
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to zero change in the net surface stress, and in alkaline electrolyte a slight surface expansion is 
observed along with enhanced catalytic activity.  
These experimental observations are further examined with DFT calculations. Calculated 
excess surface stress of O2, O, and OH on Pt(111) and Pd(111) surfaces were all compressive at 
the three coverages examined (1/9, 1/4 and 1/2 ML), with greater magnitudes observed on Pt(111) 
for most stable cases. This trend, which agrees well with the experimental results, is correlated to 
a larger tensile intrinsic surface stress of Pt than Pd resulting from their different mechanical 
properties. Study of stepped (221) surfaces showed that both the tensile intrinsic stress on metal 
surfaces and the excess surface stress induced by adsorbates are greatly relieved in the presence of 
surface defects due to their flexibility. This relief of adsorbate-induced excess surface stress is 
more pronounced on the surface of Pt, which has a greater tensile intrinsic surface stress. A less 
compressive net surface stress change observed on Pt at a higher pH was attributed to increased 
OH adsorption at step sites at a higher OH- concentration near the surface, which induces a tensile 
surface stress. On the other hand, OH adsorption at Pd step sites still induce a compressive excess 
surface stress and experimental results show the net surface stress on Pd is more compressive in 
KOH than in HClO4.  
. Thus, experimentally measured surface stress changes reports on the magnitude of 
dynamic interaction of adsorbates with the electrode surface during ORR, which can be understood 
with detailed calculations.  
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Chapter 4 
 
Dynamic Surface Stress Response during Reversible Mg Electrodeposition and Stripping* 
 
4.1 Introduction 
 There is much interest in developing rechargeable Mg batteries due to the high theoretical 
volumetric capacity, abundance, and benign nature of Mg. Finding a suitable electrolyte for 
reversible Mg deposition and dissolution, however, is challenging due to the difficulty in 
producing soluble Mg2+ and the formation of passivation films on the electrode surface.1-3 The first 
reversible Mg deposition and stripping was performed in Grignard solutions,4-6 which suffer from 
low anodic stability and poor ionic conductivity. The anodic stability and the Coulombic efficiency 
is greatly enhanced in electrolytes based on Mg organohaloaluminate, prepared via an acid-base 
reaction between a MgR2 Lewis base and an AlCl3-nRn Lewis acid.
7 An inorganic magnesium 
aluminum chloride complex from MgCl2- and AlCl3-based electrolyte exhibits even higher anodic 
stability and a lower overpotential.8,9 However, the corrosivity of chloride and the reactivity of 
Lewis acids have prompted the development of newer, less corrosive electrolytes, including 
Mg(BH4)2 based inorganic salts with LiBH4 additive electrolytes
10,11 and all-magnesium 
phenolate-based electrolytes12. This work illustrates that several Mg systems exhibit promise as a 
battery electrolyte; however, their interfacial chemistries are complicated and need to be better 
                                                          
* Reprinted with permission from Ha, Y.; Zeng, Z.; Barile, C. J.; Chang, J.; Nuzzo, R. G.; Greeley, 
J.; Gewirth, A. A. J. Electrochem. Soc. 2016, 163, A2679-A2684. Copyright 2016 Electrochemical 
Society. 
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understood.8-13 
 Efficient electrodeposition and stripping reactions are essentials in rechargeable batteries. 
One of the effective in-operando techniques for studying such processes is monitoring the 
electrochemical surface stresses developed during the deposition and dissolution of metals.14 In 
situ surface stress measurements are experimentally less demanding compared to other operando 
techniques used for the evaluation of metal anode electrochemical dynamics, such as synchrotron 
X-ray analysis15,16. These surface stress measurements, moreover, provide information on bonding 
configurations present at the interfacial region, which is linked to the dynamic surface structures 
and adsorption and desorption processes.14 Evolution of the surface stress during metal deposition 
has been extensively studied and employed in determining deposition mechanisms in both ultra-
high vacuum (UHV) and electrochemical environments.14,17-20 For example, this technique has 
been employed very successfully in studies of the surface stress development seen on both 
anodes21-26 and cathodes27-29 for Li-ion battery systems, suggesting its utility for extensions made 
to other battery systems.  
 In this study, we monitor the electrochemical surface stress behaviors seen during the 
deposition and stripping of Mg in four electrolytes for Mg batteries: PhMgCl+AlCl3/THF, 
(DTBP)MgCl–MgCl2/THF, MgCl2+AlCl3/THF, and Mg(BH4)2+LiBH4/diglyme. The results of 
density functional theory calculations are integrated with the experimental data to provide more 
atomistic insights into the chemistry occurring at the anode-electrolyte interfacial region and the 
mechanisms that sustain it. 
 
4.2 Methods 
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4.2.1 Experimental Details 
Magnesium chloride (MgCl2, ≥ 98 %), aluminum chloride (AlCl3, 99.999 %), 2,6-di-tert-
butylphenol (99 %), phenyl magnesium chloride (PhMgCl, 2.0 M solution in THF), ethyl 
magnesium chloride (EtMgCl, 2.0 M solution in THF), magnesium borohydride (Mg(BH4)2, 95 %), 
lithium borohydride (LiBH4, ≥ 95 %), and diethylene glycol dimethyl ether (diglyme, anhydrous 
99.5 %) were purchased from Sigma-Aldrich and used without further purification unless 
otherwise specified. Tetrahydrofuran (THF) was obtained from a solvent purification system 
equipped with neutral alumina columns and dried over molecular sieves (3 Å) before use.  
Electrolytes were prepared in an Ar-filled glovebox, following procedures previously 
reported in the literature. The “all phenyl” complex (APC) was synthesized from PhMgCl (0.8 M) 
and AlCl3 (0.4 M) in THF.
13 The magnesium aluminum chloride complex (MACC) was 
synthesized from MgCl2 (0.06 M) and AlCl3 (0.03 M) in THF.
8, 9 MgCl2 was dried in a tube furnace 
under Ar and HCl flow for 2.5 hours at 300 °C as described previously.30  The complex 
(DTBP)MgCl–MgCl2 (0.5 M, DTBP = 2,6-di-tert-butylphenolate) was synthesized by reacting 
2,6-di-tert-butylphenol with EtMgCl in THF and successively adding one equivalent of MgCl2.
12 
For the borohydride electrolyte, Mg(BH4)2 and LiBH4 were dissolved in diglyme to give nominal 
concentrations of 0.1 M and 1.5 M, respectively.10,11 
Pt cantilever working electrodes were fabricated from borosilicate glass microscope 
coverslips (Gold Seal No. 1, 150 μm thick) modified on one side with 20 nm of Ti followed by 
150 nm of Pt, both deposited using DC magnetron sputter deposition (AJA International, Inc., 
Scituate, MA). Coiled Mg foil (GalliumSource, 99.95 %) was used as counter and reference 
electrodes. A home-built electrochemical quartz cell was assembled in a glovebox and sealed prior 
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to use. The quartz cell was dried in an oven at 180 °C for at least 1 hour and the Pt cantilever 
electrodes annealed with a H2 flame before introduction into the glove box. 
Electrochemical measurements were performed with a 6002E Electrochemical 
Workstation (CH Instruments, Austin, TX) and the in situ surface stress response monitored using 
an optical transduction system described previously.31, 25 All potentials are reported with respect 
to Mg/Mg2+. The cantilevers were cycled at a scan rate of 5 mV/s until a reproducible cyclic 
voltammogram (CV) and the corresponding surface stress responses obtained. The initial value of 
the surface stress at the beginning of the cathodic scan was arbitrarily set to zero, and the changes 
in the surface stress, Δstress, from this reference point were monitored. Refractive indices of the 
solvents, 1.407 for THF and 1.408 for diglyme, were used as parameters in the stress calculations 
discussed below. 
4.2.2 Computational Details 
Self-consistent total energy calculations were performed based on the projected augmented 
wave (PAW) method32-34 within the generalized gradient approximation (GGA-PBE)35, as 
implemented in the Vienna Ab-initio Simulation Package (VASP).36,37 Planewave basis sets with 
a kinetic energy cutoff of 500 eV and Monkhorst-Pack38 k-point grids were used in the calculations. 
For bulk calculations of hexagonal-closed packed (hcp) Mg, face-centered cubic (fcc) MgO, and 
fcc Pt, Brillouin zone integration with (12×12×8), (8×8×8), and (12×12×12) k-point grids were 
used, respectively. The geometries were optimized until the maximum atomic forces were smaller 
than 0.001 eV/Å and a total energy convergence of 10-6 eV in the electronic self-consistent field 
loop was employed. The calculated Mg lattice constants are 3.215 Å and 5.121 Å for a and c, 
respectively, with c/a ratio of 1.59. The calculated values are comparable to the experimental 
results (a =  3.21 Å and c = 5.21 Å).39 The calculated lattice constant of MgO is a = 4.258 Å, which 
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is 1.1 % larger than the experimentally measured value (4.212 Å)40. Finally, the calculated Pt 
lattice constant is 3.977 Å and this result is 1.3% larger than the experimentally measured value 
of 3.924 Å.41 All of the calculated lattice constants agree well with previous calculations using 
GGA-PBE.42-44  
Mg, MgO, and Pt surfaces were modeled by repeated slabs generated with the optimized 
lattice constants and with at least 12 Å of vacuum perpendicular to the slab surface. Basal 
Mg(0001)-(2×2) and prismatic Mg(101̅0)-(2×1) planes were examined using (6×6×1) and (6×8×1) 
k-point grids, respectively, the MgO(001)-c(2×2) surface was calculated using (8×8×1) k-point 
grids, and the Pt(111)-p(2×2) surface was calculated using (6×6×1) k-point grids. Forces on atoms 
were converged to within 0.01 eV/Å, and the energy convergence criterion of 10-5 eV was used. 
Dipole corrections were employed to screen the artificial interaction through the vacuum region. 
Slabs with thickness ranging from 2 monolayers (ML) to 12 ML were tested. All atoms were 
allowed to relax so as to keep the slabs symmetric in the z-direction. For calculations with 
adsorbates, the bottom two layers of the slab were fixed at their optimized positions, and the 
remaining atoms and adsorbates were allowed to relax further. 
The surface stress, σ, was calculated as previously described45 using  
𝜎 =  
𝑐
2
(
𝜏𝑋𝑋 + 𝜏𝑌𝑌
2
)           (4.1) 
where c is the supercell height in the z direction and τxx and τyy are the diagonal components of 
the supercell stress tensor. Excess surface stress created by adsorbates, Δσ, was calculated by 
∆𝜎 = 𝜎𝑎𝑑𝑠 − 𝜎𝑐𝑙𝑒𝑎𝑛          (4.2) 
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where σads and σclean are the surface stress of supercells with and without adsorbates, respectively, 
obtained from Equation (4.1). The calculated surface stress values are plotted with respect to the 
thickness of the slab in Å instead of ML, since the z-direction interatomic distances of Mg(0001), 
Mg(101̅0), MgO(001), and Pt(111) slabs are different.   
 Surface energy, γ, was calculated as 
𝛾 =
1
2
× (
𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑏𝑢𝑙𝑘×𝑛
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝐴
)                     (4.3) 
where Eslab is the total energy of the relaxed slab, Ebulk is the bulk energy obtained from linear 
fitting of Eslab with different thickness, n
thickness is the number of Mg atoms in the z-direction, and 
A is the area of the unit cell.  
 Adsorption energy, Eads, of a Mg atom, Mgads, was calculated using 
𝐸𝑎𝑑 = 𝐸𝑡𝑜𝑡
𝑀𝑔/𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
− 𝐸𝑡𝑜𝑡
𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝐸𝑡𝑜𝑡
𝑀𝑔−𝑏𝑢𝑙𝑘                    (4.4) 
where Etot
Mg/substrate
 is the total energy of Mgads on the substrate (Pt or Mg), Etot
substrate is the total 
energy of clean substrate surface, and Etot
Mg−bulk
 is the total energy of bulk phase Mg. 
 
4.3 Results 
4.3.1 Electrochemical Surface Stress Response 
 The in situ electrochemical surface stress response was monitored during reversible Mg 
deposition and stripping in four different Mg battery electrolytes (Figure 4.1): Grignard (PhMgCl) 
and Lewis-acid (AlCl3) based APC; all-magnesium and Lewis acid-free (DTBP)MgCl–MgCl2; 
inorganic salt (MgCl2 and AlCl3) solution MACC; and halide-free Mg(BH4)2+LiBH4. Interestingly, 
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the experimentally recorded surface stress responses from the four electrolytes all exhibit the same 
general features. First, a slight compressive Δstress is observed (black) prior to the Mg deposition. 
Once the Mg deposition starts, a larger compressive Δstress is observed (red), which continues in 
the return scan until the onset of the stripping. In the beginning of the Mg stripping, a steep tensile 
Δstress is observed (blue). Upon further oxidation, the surface stress response moves in a 
compressive direction (magenta), creating an inflection point. At the end of the stripping peak, a 
sharp tensile-going value of the Δstress is observed (green). The surface stress response there after 
relaxes to the initial value of zero (gray), with slightly different trends in the different electrolytes. 
The magnitude of Δstress and the amount of charge passed in each region are shown in Tables 4.1 
and 4.2, respectively.  
95 
 
-4
-2
0
2
4
-1 0 1 2
-20
-15
-10
-5
0
5
10
-1
0
1
-1 0 1 2
-4
-3
-2
-1
0
1
-0.2
0.0
0.2
0.4
-1 0 1 2
-1.2
-0.9
-0.6
-0.3
0.0
0.3
-4
-2
0
2
4
-1 0 1 2
-3
-2
-1
0
1
(m
A
/c
m
2
)
PhMgCl+AlCl
3
a
C
u
rr
e
n
t 
D
e
n
s
it
y
a'

S
tr
e
s
s
 (
N
/m
)
Potential (V vs. Mg/Mg
2+
)
COMPRESSIVE
TENSILE
b
(DTBP)MgCl-MgCl
2C
u
rr
e
n
t 
D
e
n
s
it
y
(m
A
/c
m
2
)
b'

S
tr
e
s
s
 (
N
/m
)
Potential (V vs. Mg/Mg
2+
)
COMPRESSIVE
TENSILE
c
MgCl
2
+AlCl
3C
u
rr
e
n
t 
D
e
n
s
it
y
(m
A
/c
m
2
)
c'

S
tr
e
s
s
 (
N
/m
)
Potential (V vs. Mg/Mg
2+
)
COMPRESSIVE
TENSILE
d
Mg(BH
4
)
2
+LiBH
4C
u
rr
e
n
t 
D
e
n
s
it
y
(m
A
/c
m
2
)
d'

S
tr
e
s
s
 (
N
/m
)
Potential (V vs. Mg/Mg
2+
)
COMPRESSIVE
TENSILE
 
Figure 4.1. Cyclic voltammograms at 5 mV/s (a, b, c, and d) and corresponding surface stress 
responses (a', b', c', and d') during reversible Mg deposition and stripping from APC (a and a'), 
(DTBP)MgCl–MgCl2 (b and b'), MACC (c and c'), and Mg(BH4)2+LiBH4 (d and d'). Pre-
deposition (black), deposition (red), initial stripping with tensile Δstress (blue), mid-stripping with 
compressive Δstress (magenta), last stage of stripping with a sharp tensile Δstress (green), and 
surface relaxation (gray) regions are color-coded for clarity. 
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Table 4.1. Magnitude of Δstress in five regions represented by black, red, blue, magenta, 
and green in Figure 4.1. 
  APC 
(DTBP)MgCl
–MgCl2 
MACC 
Mg(BH4)2 
+LiBH4 
Δstress 
(N/m) 
Black -0.92 -0.88 -0.60 -1.15 
Red -18.48 -2.91 -0.52 -1.33 
Blue 27.66 4.62 0.74 3.87 
Magenta -9.41 -1.72 -0.17 -2.24 
Green 0.75 0.95 0.74 0.93 
 
 
Table 4.2. Charge density passed in four regions represented by red, blue, magenta, and 
green in Figure 4.1. Coulombic efficiency was calculated by dividing the stripping charge 
density (sum of blue, magenta, and green regions) by the deposition charge density (red 
region). 
  APC 
(DTBP)MgCl–
MgCl2 
MACC 
Mg(BH4)2 
+LiBH4 
charge 
density 
(mC/cm2) 
Red -699.9 -212.8 -52.9 -739.4 
Blue 157.8 39.2 11.7 161.8 
Magenta 507.8 172.7 31.5 407.4 
Green 7.2 1.0 2.9 13.5 
Coulombic efficiency (%) 96.1 100.1 87.2 78.8 
 
 In Figure 4.2, Δstress values measured during the Mg deposition (red region in Figure 4.1) 
from the four electrolytes are plotted versus the deposition charge densities. The x-axis can be 
correlated to the equivalent Mg thickness. APC, (DTBP)MgCl–MgCl2, and MACC (Figures 4.2a, 
4.2b, and 4.2c) show a constant stress-charge density, or stress-thickness, slope during the 
deposition, and the magnitudes of the slopes are comparable. For example, the stress-charge-
density slopes for APC, (DTBP)MgCl–MgCl2, and MACC are all in the range of -0.22 ± 0.05 V. 
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On the other hand, Mg(BH4)2+LiBH4 (Figure 4.2d) shows a significantly (~ 5 times) smaller slope 
(-0.04 ± 0.01 V) as compared to those found for the other three electrolytes.  
 Plots of Δstress versus the charge density measured during the Mg stripping (blue and 
magenta regions in Figure 4.1) are shown in Figure 4.3. In all four electrolytes, the value of the 
measured Δstress becomes rapidly tensile at the outset of the Mg oxidation (blue), followed by a 
gradual compressive-going Δstress (magenta) thereafter. The magnitudes of the Δstress measured 
in initial (blue) and mid- (magenta) stripping regions moreover vary upon changing the negative 
sweep limit (Figure 4.4), and strong correlations between the Δstress values measured during the 
deposition and stripping phases are observed (Figure 4.5). 
In Figure 4.3d, two additional inflection points are present in the magenta region. The 
differences observed in the stress-charge density plots of Mg(BH4)2+LiBH4 during deposition 
(Figure 4.2d) and stripping (Figure 4.3d) can be attributed to a Mg-Li alloy created in the cathodic 
sweep (vide infra). Formation of a Mg-Li alloy during the Mg deposition from Mg(BH4)2+LiBH4 
has been previously reported.46  
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Figure 4.2. ΔStress during the Mg deposition from (a) APC, (b) (DTBP)MgCl–MgCl2, (c) MACC, 
and (d) Mg(BH4)2+LiBH4 plotted with respect to the deposition charge density. 
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Figure 4.3. ΔStress during the Mg stripping in (a) APC, (b) (DTBP)MgCl–MgCl2, (c) MACC, 
and (d) Mg(BH4)2+LiBH4 plotted with respect to the stripping charge density. 
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Figure 4.4. CV (top row) and corresponding surface stress response (bottom row) during Mg 
deposition and stripping from APC with different negative sweep limits as labeled in the figure. 
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Figure 4.5. Plot of Δstress in (a) initial stripping (blue) and mid-stripping (magenta) regions and 
(b) last stage of stripping (green) region during Mg stripping versus Δstress during Mg deposition 
(red region) with varying negative sweep limits in APC. The CV and stress-potential plots are 
shown in Figure 4.1 and Figure 4.4. 
 
4.3.2 DFT Calculations of the Surface Stress  
  To further interrogate the origin of the experimentally measured surface stress changes, we 
performed periodic DFT calculations. The experimental results show qualitatively similar surface 
stress response in all four electrolytes, suggesting that neither anion nor solvent adsorption 
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dominate the stress response. Therefore, we focus on materials properties of the Mg deposit. In 
this section, we first examine the effect of different crystal planes on the calculated stress. Basal 
Mg(0001) and prismatic Mg(101̅0) planes are considered since the existence of both planes in the 
deposited Mg film has been previously shown.11,47 We also examine the adsorption of O on Mg, 
as passivation of the Mg surface due to the formation of surface oxides in Mg battery electrolytes 
has been previously suggested.48,49 Finally, we evaluate the interaction between Pt and Mg. 
 The effect of a putative Mg-Pt alloy on the stress response can be excluded since previous 
XRD analyses of Mg films deposited from a Grignard-based electrolyte47 and Mg(BH4)2+LBH4
46 
electrolyte did not show any evidence of the formation of a Mg-Pt alloy (there was no shift in the 
Pt substrate diffraction peaks). By way of further support, we found that the surface stress response 
is the same on Pt, Au, and Pd cantilever electrodes (Figure 4.6), indicating that the surfaces stress 
response is not substrate dependent, but rather governed by the Mg deposition and stripping 
processes. 
 
Figure 4.6. Cyclic voltammograms (a and b) and corresponding surface stress responses (a' and 
b') during reversible Mg deposition and stripping from APC on Au (a and a') and Pd (b and b') 
cantilever electrodes. Pre-deposition (black), deposition (red), initial stripping with tensile Δstress 
(blue), mid-stripping with compressive Δstress (magenta), last stage of stripping with a sharp 
tensile Δstress (green), and surface relaxation (gray) regions are color-coded for clarity. 
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Table 4.3. Magnitude of Δstress in five regions represented by black, red, blue, magenta, and 
green in Figure 4.6. 
  Au Pd 
Δstress 
(N/m) 
Black -1.19 -1.17 
Red -12.72 -19.54 
Blue 19.91 31.54 
Magenta -6.85 -10.09 
Green 0.97 0.84 
 
 
Table 4.4. Charge density passed in four regions represented by red, blue, magenta, and 
green in Figure 4.6. Coulombic efficiency was calculated by dividing the stripping charge 
density (sum of blue, magenta, and green regions) by the deposition charge density (red 
region). 
  Au Pd 
charge 
density 
(mC/cm2) 
Red -704.3 -858.3 
Blue 199.6 218.3 
Magenta 482.9 599.9 
Green 8.3 11.5 
Coulombic efficiency (%) 98.1 96.7 
 
4.3.2.1 Mg(0001), Mg(101̅0), and MgO(001) 
 The calculated surface stress and surface energy of Mg(0001), Mg(101̅0), and MgO(001) 
are shown in Table 4.5, and the optimized geometries of each slabs are shown in Figure 4.7. In 
Table 4.5, the mean values of slabs with different thickness are presented, and the individual results 
are provided in Figures 4.8 and 4.9. In Figure 4.8, the calculated surface stress of the Mg slabs 
show an oscillating behavior, which can be attributed to quantum size effects.50 Interestingly, 
calculated surface stress of MgO(001) hardly oscillates. This diminished oscillation seen for the 
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MgO(001) surface may be attributed to the lack of free electrons within the oxide, which are the 
source of the quantum oscillations. 
 
Table 4.5. Calculated surface stresses and surface energy of Mg(0001), Mg(10 1̅0), and 
MgO(001). 
 Mg(0001) Mg(101̅0) MgO(001) 
surface stress 
(N/m) 
1.05 0.26 3.28 
surface energy 
(J/m2) 
0.58 0.61 0.89 
 
 
 
Figure 4.7. Top view (upper row) and side view (lower row) of optimized structures of Mg(0001), 
Mg(101̅0), and MgO(001) slabs. 
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Figure 4.8. Calculated surface stress of Mg(0001) (red), Mg(101̅0) (blue), and MgO(001) (black) 
slabs with different thicknesses. The averaged values are 1.05 N/m for the Mg(0001) surface, 0.26 
N/m for the Mg(101̅0) surface, and 3.28 N/m for the MgO(001) surface. 
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Figure 4.9. Calculated surface energy of Mg(0001) (red), Mg(101̅0) (blue), and MgO(001) (black) 
slabs with different thicknesses. The averaged values are 0.58 J/m2 for the Mg(0001) surface, 0.61 
J/m2 for the Mg(101̅0) surface, and 0.89 J/m2 for the MgO(001) surface. 
 The calculated surface energy of Mg(0001) plane (0.58 J/m2) is modestly lower than that 
of Mg(101̅0) plane (0.61 J/m2), indicating that Mg(0001) plane is slightly more stable. The same 
trend has been observed from previous calculations using the full charge density method.51 On the 
other hand, the Mg(0001) plane shows a significantly more tensile surface stress (1.05 N/m) than 
does the Mg(101̅0) plane (0.26 N/m). The close surface energy values can be attributed to the 
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existence of the same average coordination number (CN) of the surface atoms, while the difference 
in the surface stress can be correlated with the different atomic densities present on the surfaces. 
As can be seen from the top and side views of the slabs shown in Figure 4, the Mg(0001) surface 
is flat, and all surface atoms have the same coordination number (CN) of 9. The Mg(101̅0) plane, 
in contrast, has a corrugated  surface, with a CN of 8 and 10 for the crest and trough atoms, 
respectively, giving an average value of 9. The intrinsic tensile surface stress on clean metal 
surfaces has been attributed to the redistribution of the charge of missing bonds at the surface and 
consequent increased bond strength between surface atoms.52 For the Mg(10 1̅0) surface, the 
intrinsic tensile stress is damped significantly due to the flexibility of the surface atoms induced 
by corrugation. We note that a similar effect has been found in our previous calculations of 
structures formed by stepped Pt(221) surfaces.45  
 Comparing the surface stresses of clean Mg surfaces and that of the oxide surface, the 
MgO(001) surface exhibits more tensile surface stress, 3.28 N/m, than those of the clean Mg 
surfaces (1.05 N/m for Mg(0001) surface and 0.26 N/m for Mg(101̅0) surface). The larger tensile 
surface stress of the MgO(001) can be correlated to the stronger Mg-O binding compared to the 
Mg-Mg bonds on the metal surface. Indeed, the formation energy of MgO is ~ 6 eV/MgO53, while 
the cohesive energy of Mg is ~ 1.5 eV/Mg54,55. 
4.3.2.2 Adsorption of Mg on Pt and Mg 
 Finally, we compare the heteroatomic bonding interaction between Mg and Pt atoms to that 
of homometallic bonds forming between Mg atoms. The data in Table 4.6 shows the calculated 
excess surface stress, Δσ, of an adsorbed Mg atom, Mgads, on Pt(111) and Mg(0001) surfaces, and 
the corresponding adsorption energy (vs. Mgbulk), Eads, calculated by Equation (4.4). Here the Mgads 
was placed at the most favorable sites: the fcc site on Pt(111) and the hcp site on Mg(0001), 
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following the substrate crystal structures. Results for different slab thicknesses are shown in 
Figures 4.10 and 4.11, and the mean values are presented in Table 4.6. The calculated Eads indicate 
that the Mg-Pt interaction (-1.13 eV) is much stronger than the Mg-Mg interaction (0.91 eV). The 
Mgads moreover induces a greater compressive excess surface stress on the Pt surface as compared 
to that which obtained on the Mg surface.  
 
Table 4.6. Calculated excess surface stress, Δσ, and adsorption energy of Mgads, Eads (vs. 
Mgbulk), on Pt(111) and Mg(0001). Mg atom was adsorbed at fcc site on Pt(111) and hcp site 
on Mg(0001). 
 Pt(111) Mg(0001) 
Δσ (N/m) -0.79 -0.05 
Eads (eV) -1.13 0.91 
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Figure 4.10. Calculated excess surface stress, Δσ, induced by adsorption of a Mg atom, Mgads, on 
Pt(111) and Mg(0001) surfaces at fcc and hcp sites, respectively. Results of different thickness 
slabs are shown. The averaged values are -0.79 N/m for Mgads-Pt(111) (black) and -0.05 N/m for 
Mgads-Mg(0001) (red). 
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Figure 4.11. Calculated adsorption energy, Eads, of Mgads on Pt(111) and Mg(0001) surfaces at fcc 
and hcp sites, respectively. Results of different thickness slabs are shown. The averaged values are 
-1.13 eV for Mgads-Pt(111) (black) and 0.91 eV for Mgads-Mg(0001) (red). 
 
4.4 Discussion  
4.4.1 Pre-Deposition 
 Before the onset of Mg deposition (black region in Figure 4.1), a compressive Δstress with 
similar magnitude ~ -0.9 N/m (Table 4.1) is observed in the four electrolytes. We point out that 
this pre-deposition compressive Δstress is likely induced by the adsorption of Mg2+/anion/solvent 
complexes on the surface prior to the deposition.49,56 The comparable magnitudes of these values 
between the different electrolytes further suggests that qualitatively similar Mg2+/anion/solvent 
complexes are created (albeit with different anions and solvents) and that similar coverages of 
these adsorbate adlayers are reached on the electrode before the deposition starts.  
4.4.2 Deposition 
 In general, the initial stage of growth, where critical nuclei form during metal deposition 
on an initiating substrate, creates a compressive surface stress. This is a conserved response and is 
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found in both UHV and electrochemical environments.19,20 The origin of this compressive stress 
has been attributed to the Laplace pressure exerted by the nuclei. Upon coalescence of the nuclei 
and formation of grain boundaries, the overall surface energy decreases and the surface stress 
becomes tensile. Surface stress evolution during further growth of metal film is influenced by 
various factors in the growth process, including grain size, growth rate, temperature, and the 
presence of surfactants in the electrolyte.18-20,57-60  
 During Mg electrodeposition, the present work shows that a compressive Δstress with a 
constant stress-thickness slope is observed (Figure 4.2). The absence of the tensile surface stress 
component here suggests that the nuclei as formed in this case do not coalesce. The island 
boundaries so generated are maintained throughout the deposition process and the influx of Mg 
atoms into them progressively elicit the development of a compressive Δstress. A less compressive 
Δstress per charge density during the deposition from Mg(BH4)2+LiBH4 electrolyte (Figure 4.2d) 
is associated with the alloys that form in this system, which lead to the incorporation of smaller Li 
atoms and the formation of a less dense Mg-Li alloy. The absence of a recrystallization process48 
is likely associated with adsorption of solution species, anions and ethereal solvent molecules, at 
the grain boundaries. Such species will also adsorb on the freshly deposited Mg surface and relieve 
the intrinsic tensile surface stress of Mg surface. 
 Previous studies on the Mg deposition from Mg battery electrolytes suggested a random 
nuclei formation instead of a continuous, smooth film during the Mg electrodeposition due to a 
local concentration gradient of active electrolyte species.47 Additionally, a two-stage deposition 
process has been proposed, where an initially porous layer is created with possible solution species 
trapped in the layer, following which a compact bulk deposition layer grows.61 These reports are 
consistent with the development of compressive Δstress during Mg deposition. Further, a similar 
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surface stress evolution behavior has been observed in Ni electrodeposition studies, where the 
tensile stress associated with island coalescence disappeared and the surface stress of Ni film 
became compressive in the presence of saccharin additives. In this case, the authors attribute this 
behavior to the inhibition of nuclei coalescence by sulfur atoms adsorbed at the grain boundaries.62 
Diffusion of adatoms into the grain boundaries has been suggested as the source of intrinsic 
compressive surface stresses in polycrystalline films.63-65  
4.4.3 Stripping 
 During the Mg stripping process, a steep tensile Δstress was observed, followed by a 
gradual compressive-going Δstress (Figure 4.3). We showed that the magnitude of the Δstress 
observed during the stripping of Mg depends linearly on the Δstress created during the deposition 
process (Figure 4.5a), indicating that the sources of the stripping Δstress correlates to the amount 
of Mg deposited on the surface. Thus, removal of Mg from the surface is a major source of the 
cumulative tensile Δstress observed throughout the stripping process. The presence of the 
inflection point and gradual relief of the tensile surface stress (magenta region), however, indicate 
that there are other factors that also influence the surface stress responses seen during the Mg 
stripping processes. Finally, the sharp tensile response (green region) seen just prior to the end of 
stripping is ubiquitous and indicates the presence of yet another distinct, regime-limiting stripping 
behavior.  
 In order to evaluate the origin of the aforementioned inflection point behavior, we 
considered stripping occurring from different Mg crystal planes.  Different Mg crystal planes 
exhibit differential reactivity towards anodic dissolution.66-69  In Table 4.5, we show that the 
Mg(0001) surface exhibits a greater calculated tensile surface stress than that of the Mg(101̅0) 
surface. Thus, the initial sharp tensile Δstress seen on stripping likely results from preferential 
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dissolution and/or passive oxidation response of the Mg(101̅0) plane, leaving the Mg(0001) plane, 
exhibiting a more tensile intrinsic surface stress, to comprise the majority of the active surface. As 
the oxidation proceeds further, Mg atoms from the less reactive Mg(0001) planes will be removed 
progressively and the tensile surface stress in this way relieved creates a gradual compressive-
going Δstress. 
 Another origin of the inflection point behavior might be as a result of the well-known 
propensity of the Mg surface to create surface oxides.70,71 It has been recently reported, for example, 
that sequential Mg deposition and stripping cycles led to the presence of thin residual partially 
oxidized species, MgOx, whose shape and motif exemplify anisotropies in the electrolyte mediated 
oxidation of the (0001) and (101̅0) planes of Mg.48 Our DFT calculations show that Mg oxide 
exhibits a more tensile surface stress than that of Mg metal (Table 4.5). In order to analyze the 
effect of oxides more directly, Figure 4.12 reports the ratio of the Δstress magnitude in the mid-
stripping (magenta) region to that in the initial stripping (blue) region versus the Coulombic 
efficiency. The Figure shows that greater compressive-going stress in the mid-stripping (magenta) 
region is achieved at a higher Coulombic efficiency. This trend, supported by the DFT calculations, 
suggests that an oxygen-containing corrosion product (a passive film) is created in the beginning 
of the Mg stripping process (blue). As the Mg is further converted to Mg2+ at higher potentials 
(magenta), removal of the tensile stress from MgOx will be evidenced as compressive-going 
Δstress. Interestingly, the surface stress response exhibits a reversible behavior (Figures 4.1 and 
4.6), even though the Coulombic efficiency is lower than 100 % in most cases. This implies that 
the further oxidation of MgOx to Mg
2+ could be happening via a chemical reaction, rather than an 
electrochemical reaction.  
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Figure 4.12. Relationship between the ratio of Δstress magnitude in the mid-stripping (magenta) 
region to that in the initial stripping (blue) region and the Coulombic efficiency. Corresponding 
CV and surface stress response results are shown in Figure 4.1 and Figure 4.6. 
 The Δstress(magenta)/Δstress(blue) ratio of Mg(BH4)2+LiBH4 electrolyte is the highest 
among the four electrolytes (0.58), while the Coulombic efficiency is the lowest (78.8 %). This 
inconsistent behavior can be attributed to the co-deposition and alloy formation of Mg and Li.46 
We note an additional peak in the stress response observed during stripping in the magenta region 
(Figure 4.3d) likely reflects the de-alloying process. The production of sharp tensile stress due to 
dealloying during electrochemical metal deposition processes has been previously described.72,73 
4.4.4 Last Stage of Stripping 
 One of the most interesting features observed in stripping is the presence of the sharp 
tensile Δstress (green region) seen just prior to the end of stripping. The magnitude of this feature 
appears to be electrolyte- and substrate-independent, and is found to be ~ 0.85 N/m (Tables 4.1 
and 4.3). In addition, the magnitude only weakly varies with the scan rate (not shown). Moreover, 
in Figure 4.5b, it can be seen that the magnitude of this end-of-stripping tensile Δstress decreases 
as the negative sweep limit becomes more positive.  
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 The origin of this behavior can be attributed to the strong interaction between Mg and the 
substrate noble metal atoms (Pt, Au, and Pd). In particular, the calculated Eads of Mgads is greater 
on the Pt(111) surface than that on the Mg(0001) surface. Additionally, the calculated Δσ of Mgads 
shows a more compressive value on the Pt substrate (Table 4.6).  Thus, the Mg layer directly bound 
to the substrate is oxidized at the end of the stripping process, creating a sharp tensile Δstress.  
 The overall mechanism of Mg deposition and stripping is shown in Figure 4.13. 
 
 
Figure 4.13. Proposed Mg deposition and stripping scheme. 
 
4.5 Conclusions 
 Surface stress measurements during electrodeposition and stripping of Mg in four different 
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Mg battery electrolytes (PhMgCl+AlCl3/THF, (DTBP)MgCl–MgCl2/THF, MgCl2+AlCl3/THF, 
and Mg(BH4)2+LiBH4/diglyme) show common features, and each part of the stress-potential curve 
can be assigned to discrete processes in the deposition and stripping reactions (Figure 4.13). First, 
Mg2+/anion/solvent complexes adsorb on the substrate surface prior to the deposition, creating a 
slight compressive Δstress. As Mg starts to deposit, the surface stress becomes further compressive 
with a constant stress-film thickness slope, due to formation of nuclei and the absence of 
recrystallization. During the Mg stripping process, while the removal of Mg contributes a tensile 
Δstress throughout the stripping process, three distinct Δstress features are observed due to the 
effect of different Mg crystal planes and the presence of MgOx. Higher reactivity of the Mg(101̅0) 
surface towards anodic dissolution and/or passive oxidation, and more tensile intrinsic surface 
stress of the Mg(0001) surface create a steep tensile Δstress in the beginning of the stripping, 
followed by a compressive-going Δstress. Further, formation of MgOx, which is chemically 
removed from the surface as the oxidation further proceeds, also contributes to the tensile-to-
compressive Δstress during the stripping. Finally, the Mg layer directly bound to the substrate is 
oxidized at the last step of the stripping, due to the strong interaction between Mg and substrate 
noble metal atoms (Pt, Au, and Pd). 
 This study suggests that the active species in the electrolyte act as the same vehicle during 
the Mg deposition and stripping processes and the reversible Mg electrodeposition/stripping follow 
general processes as described above. Focusing on these common elements will benefit developing 
Mg battery electrolytes.  
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Chapter 5 
 
Glycerol Oxidation Products on Silver Probed using In Situ Surface-Enhanced Raman 
Spectroscopy and Two-Dimensional Correlation Spectroscopy 
 
5.1 Introduction 
 Biodiesel has received a great attention over the past decade as an alternative to fossil fuels 
and its production has continuously grown. This trend, however, led to accumulation of surplus 
glycerol which is created as a major by-product in the process of biodiesel production via 
transesterification reaction between vegetable oils or animal fats and short-chain aliphatic 
alcohols, typically methanol or ethanol. Production of crude glycerol is continuously increasing 
along with the biodiesel production and is estimated to reach 5.8 billion pounds in 2020. Thus, 
applications for this surplus glycerol need to be developed.1-3  
 Glycerol can be utilized as fuel in direct glycerol fuel cells or be oxidized to more valuable 
products, such as dihydroxyacetone, glycolic acid and oxalic acid.3-7 For these electrochemical 
applications, noble metal catalysts, such as Au, Pt, and Pd, and their bimetallic catalysts were 
found to be successful, showing high reactivity towards glycerol oxidation reaction. Moreover, 
their reaction products have been actively studied.5,7-13 On the other hand, not much attention has 
been paid towards Ag due to its low activity.14,15 The onset of glycerol oxidation is ca. 0.7 V vs. 
RHE in alkaline media, which is relatively higher than that of other noble metals. Moreover, 
glycerol oxidation is inhibited by bulk surface oxidation at potentials higher than ca. 1.2 V vs. 
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RHE, giving a narrow active potential range for glycerol oxidation. Nonetheless, Ag could be a 
promising, low cost catalyst once its product selectivity is determined.  
 Previously, Gomes et al. reported in-situ FTIR spectra of glycerol oxidation on carbon-
supported Ag catalyst in 0.1 M NaOH, and suggested formation of formic acid, carbonate, and/or 
glyoxylic acid as glycerol oxidation products. However, their catalyst did not show any clear 
oxidative current in the presence of glycerol.14 Later, Suzuki et al. observed a clear glycerol 
oxidation activity on polycrystalline Ag electrode in alkaline media, and their HPLC analysis 
indicated formic acid, glycolic acid, and glyceric acid as major oxidation products. However, their 
chromatograms were obtained from samples collected over 5 hours of glycerol electrolysis at the 
peak potential of glycerol oxidation, allowing possibility of product degradation.15 Thus, while 
these previous studies provide valuable understandings of glycerol electrooxidation on Ag, 
comprehensive in-situ analysis of glycerol oxidation products still remains to be examined.  
 In this work, we employ surface-enhanced Raman spectroscopy (SERS) to monitor Ag 
surface during the oxidation of glycerol in 0.1 M NaOH. Detailed analysis of potential-dependent 
peaks in the SER spectra reveals information about chemical species present on the surface during 
glycerol oxidation. Further, Perturbation Correlation Moving Window Two-Dimensional 
Spectroscopy (PCMW2D) and Two-Dimensional Correlation Spectroscopy (2DCOS) techniques 
are applied to better understand the complicated spectra and to find correlations between different 
functional groups.16,17 These findings will provide insight into the interfacial processes and the 
products of glycerol oxidation reaction on Ag catalyst.  
 
5.2 Methods 
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5.2.1 In Situ Electrochemical Surface-Enhanced Raman Spectroscopy 
The optical setup for SERS measurements and the in situ spectroelectrochemical cell were 
previously reported.18,19 Electrochemical measurements were performed with a 760E 
Electrochemical Workstation (CH Instruments, Austin, TX).  
All electrolytes were prepared in Milli-Q water (> 18 MΩ cm, Millipore). ACS reagent 
grade sodium hydroxide (NaOH, ≥ 97.0 %), propane-1,2,3-triol (glycerol, anhydrous, ≥ 99.5 %), 
and potassium chloride (KCl, 99.0-100.5 %) were purchased from Sigma-Aldrich. A leakless 
Ag/AgCl reference electrode (3.4 M KCl, eDAQ) and a coiled Ag wire (≥ 99.99 % trace metals 
basis, Aldrich) counter electrode were used in the electrochemical measurements. Potentials are 
reported with respect to the reversible hydrogen electrode (RHE). 
A polycrystalline Ag disk (99.9985% metals basis, Alfa Aesar) working electrode was 
mechanically polished using 9 µm, 3 µm, 1 µm, and 0.25 µm diamond suspensions (MetaDi 
Supreme, Buehler). The electrode was sonicated in Milli-Q water in between each mechanical 
polishing steps. The polished electrode was then roughened in a 3 M KCl solution as previously 
described.16 The roughened Ag electrode was cycled 10 times between -1.45 V and -0.5 V (vs. 
Ag/AgCl) in Ar-sparged 0.1 M NaOH solution at 10 mV/s to remove impurities on the surface and 
was immediately transferred to the spectroelectrochemical cell. 
 0.1 M NaOH + 0.1 M glycerol electrolyte was sparged with Ar prior to being introduced 
into the spectroelectrochemical cell. SER spectra were obtained with an acquisition time of 60 s 
and the applied potential was increased in 50 mV steps between 0.05 V and 1.2 V (vs. RHE).  
5.2.2 Chemometrics 
 Two-dimensional correlation spectroscopy (2DCOS) is a powerful analytical technique 
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which provides enhanced spectral resolution by spreading overlapped spectral information along 
a second dimension.20,21 This technique has been successfully employed in analyzing complicated 
spectral data during electrochemical perturbations.16,17,22 Generalized 2DCOS mathematical 
formalism compares changes at every spectral variable (e.g. Raman shift) with changes at all other 
variables resulting in two 2D correlation maps with the variable axes; one synchronous and the 
other asynchronous. The synchronous 2DCOS, which is symmetric along the diagonal line, 
develops positive cross peaks when a pair of peaks change their intensities in the same direction, 
and negative cross peaks when their intensity changes are in the opposite direction. Peaks along 
the diagonal line, auto-peaks, appear when corresponding peaks change their intensities, regardless 
of the direction of intensity changes. The asynchronous 2DCOS, which is asymmetric along the 
diagonal line, develops cross peaks when two peaks show different rates of intensity changes and 
shows the sequential order of the peak intensity change. For example, a positive cross peak at ν1 × 
ν2, where ν1 and ν2 has a positive synchronous correlation, indicates the intensity of peak ν1 changes 
before that of peak ν2; if the cross peak is negative, then the intensity of peak ν2 changes before 
that of peak ν1. This rule is reversed when the sign of the corresponding synchronous correlation 
is negative. 
 Perturbation-correlation moving-window two-dimensional (PCMW2D) correlation 
analysis developed by Morita et al. is based on generalized 2DCOS and moving-window 
correlation analysis (MW2D), where a perturbation variable is introduced into the correlation 
equations.23 Here, we employ synchronous PCMW2D spectra, the magnitude of which is 
proportional to the first perturbation derivative of a spectral variable (i.e. Raman shift) along the 
perturbation direction (i.e. change in the electrode potential). This spectral gradient on 
synchronous PCMW2D plots allow examination of complicated potential dependent spectral 
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variations and complements the 2DCOS analysis. Mathematical procedures for the PCMW2D 
analysis are described in detail elsewhere.23-25 In this work, synchronous PCMW2D plots were 
calculated with a window size of 250 mV in the potential range of 0.05 to 1.10 V. 
 
5.3 Results and Discussion 
5.3.1 Electrochemical Surface-Enhanced Raman Spectroscopy  
Figure 5.1 shows a cyclic voltammogram of glycerol oxidation on a roughened Ag 
electrode in 0.1 M NaOH + 0.1 M glycerol electrolyte. Electrochemical oxidation of glycerol 
begins ca. 0.7 V in the anodic scan and achieves a maximum current at ca. 1.1 V. At higher 
potentials, the Ag surface starts to be oxidized. On the cathodic scan, glycerol oxidation continues 
once Ag oxides are reduced, as reported previously.15 In order to investigate interfacial processes 
and evaluate the products formed during the oxidation of glycerol on Ag, we obtained SER spectra 
over the entire potential range of oxidation (Figure 5.2). Corresponding peak assignments are listed 
in Table 5.1.  
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Figure 5.1. Cyclic voltammograms of roughened Ag electrode in 0.1 M NaOH (black) and 0.1 M 
NaOH + 0.1 M glycerol (red) electrolytes at scan rate = 10 mV/s. 
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Figure 5.2. Potential dependent SER spectra during anodic (A and B) and cathodic (C and D) Ag 
electrode polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the first cycle. Spectra were 
collected every 50 mV between 0.05 V and 1.2 V (vs. RHE). 
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Table 5.1. Observed peaks and assignments in the SER spectra during Ag electrode 
polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte. 
peak wavenumber (cm-1) assignment* ref. 
a 219 (Ag–O) 26,27 
b 430 (Ag–O) 26-29 
c 891 (C–COO-) 30,31 
d 928 (C–COO-)  30-32 
e 1064 (C–C); (C–O) 33-35; 30,33,36,37 
f 1100  (C–C); (C–O) 33-35; 30,33,36,37 
g 1130  (C–C); (C–O) 33-35; 30,33,36,37 
h 1298 (C–O) from COO- 38-40 
i 1350 δ(COH) 36,37 
j 1402 s(COO-)  
14,30,32 
k 1440 δ(CH2)  36,37 
l 1570 a(COO-) 
14,30,41 
m 1603 δ(HOH) 16,42,43 
n 1650 (C=O) from COO- 38-40 
o 2717 (C–H) from CH 36,37 
p 2819 s(CH2)CH-Ag  
44 
q 2854 s(CH2)  
36,37,45 
r 2875 s(CH2)  
36,37,45 
s 2918 a(CH2)  
36,37,45 
t 2933 a(CH2)  
36,37,45 
*  = stretch, δ = bend; a = asymmetric, s = symmetric 
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5.3.1.1 Anodic Scan 
In the beginning of the anodic scan (Figures 5.2A and 5.2B), several peaks from adsorbed 
glycerol are observed. In Figure 5.2A, peaks i at 1350 cm-1 and k at 1440 cm-1 are assigned to the 
glycerol δ(COH) and δ(CH2), respectively.36,37 Peak m at 1603 cm-1 comes from interfacial water 
molecules.16,42,43 In the C–H stretching region (Figure 5.2B), previous Raman studies of neat 
glycerol assigned peaks around 2760 cm-1, 2886 cm-1, and 2947 cm-1 to (C–H) from C-2, s(CH2), 
and a(CH2), respectively.36,37 Our spectra show four peaks at (o) 2717 cm-1, (p) 2819 cm-1, (q) 
2854 cm-1, and (s) 2918 cm-1. Softening of these ν(CH) and ν(CH2) vibrational modes upon 
adsorption on Ag can be attributed to a strong interaction between the metal surface and the alkyl 
groups.44-46 Further, a red shift of the C–H stretching modes of glycerol CH2 groups interacting 
with the Ag surface has been previously reported.45 Thus, we assign peaks o, q, and s to (C–H) 
from CH, s(CH2), and a(CH2), respectively. A larger redshift of peak o (43 cm-1) relative to the 
other two (32 cm-1 for peak q and 29 cm-1 for peak s) suggest that the CH group is directly in 
contact with Ag surface via H atom. Peak p at 2819 cm-1 cannot be correlated to any of the peaks 
present in the neat glycerol spectra, and hence this peak likely results from the interaction between 
glycerol and the Ag surface. Previous SERS studies of organic molecules observed a peak ca. 2820 
cm-1 at negative electrode potentials and assigned it to a C–H stretching mode.19,46,47 Further, from 
p-polarized infrared reflection absorption spectra of alkane chain physisorbed on Ag surface, it 
was shown that when a methylene group interacts with Ag surface via one H atom, the two C–H 
bonds is no longer equivalent and (CH) of C–H in contact with Ag surface appears at 2814 cm-1 
while (CH) of C–H away from Ag surface appears at 2907 cm-1.44 Thus, we assign this peak (p) 
2819 cm-1 to s(CH2) from methylene groups directly in contact with Ag surface, possibly via one 
H atom, denoted as s(CH2)CH-Ag .  
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These peaks (i, k, o, p, q, s) assigned to vibrational modes in glycerol show that glycerol 
is associated with the Ag surface at the beginning of the anodic scan. As the electrode potential 
becomes more positive towards the onset of glycerol oxidation, peaks associated with C–H 
bending and stretching modes (k, o, p, q, s) decrease in intensity, indicating diminished presence 
of glycerol on the Ag surface.  The decreased glycerol presence could result from neutral glycerol 
molecules (pKa = 14.1515) being displaced from the surface as the surface [OH-] increases at 
potentials more positive than the potential of zero charge (pzc). The pzc of Ag in NaOH is -0.58 
V vs. NHE at pH 13,48 corresponding to 0.19 V vs. RHE.  
 At 1.1 V, where glycerol oxidation current reaches its maximum, a number of peaks appear 
in the SER spectra, which can be attributed to adsorbed glycerol oxidation products. In Figure 
5.2A, multiple peaks from the oxidation products can be assigned to carboxylate groups interacting 
with the Ag surface: peaks (c) at 891 cm-1 and (d) at 928 cm-1 are assigned to (C–COO-)30-32; 
peaks (j) at 1402 cm-1 and (l) 1570 cm-1 are assigned to s(COO-) and a(COO-), 
respectively14,30,32,41; and  peaks (h) at 1298 cm-1 and (n) at 1650 cm-1 are assigned to (C–O) and 
(C=O) of carboxylate groups, respectively, denoted as (C–O)COO- and (C=O)COO-38-40. 
Moreover, peaks (e) 1064 cm-1, (f) 1100 cm-1, and (g) 1130 cm-1 are assigned to ν(C–O) from 
alcohols and/or ν(C–C) modes.30,33-37 The absence of  a peak attributed to (C=O) around 1700 
cm-1 indicate aldehydes or ketones are not created as major oxidation products.33 It is known that 
glyceraldehyde or dihydroxyacetone degrade in alkaline media at room temperature.8,49,50 Thus, it 
may also be the case that such intermediates are generated but do not persist long enough to be 
detected by SERS, especially at the high overpotentials for glycerol oxidation on Ag.  
In Figure 5.2B, several peaks from C–H stretching vibrational modes (p, q, r, s, t) appear 
as an intense broad band at 1.1 V. Interestingly, while all peaks from CH2 group are present, peak 
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o from (C–H) of the CH group does not appear. Thus, the major oxidation product contains CH2 
group(s) and likely does not interact directly with Ag via CH group. Moreover, the number of 
carbon atoms will be at least two including the carboxylate group (c, d) with the majority of 
products having three skeletal carbons (e, f, g), indicating the absence of C–C bond breaking. From 
the possible list of glycerol oxidation products,14 these considerations allow us to narrow down the 
major oxidation product candidates to glyceric acid, and possibly glycolic acid. Other glyceric acid 
derivatives, such as tartronic acid and oxalic acid may be present, but are less likely, because these 
products do not contain the CH2 group observed experimentally.  
At the anodic sweep potential limit of 1.2 V, the Ag surface is oxidized as evidenced by 
(Ag–O) peaks at (a) 219 cm-1 and (b) 430 cm-1.26-29 Thus, the surface no longer exhibits Raman 
enhancement capabilities. Additionally, the oxidation products may desorb from the surface as the 
surface becomes oxidized.   
5.3.1.2 Cathodic Scan 
In the cathodic scan, glycerol oxidation resumes as Ag oxides are reduced (Figure 5.1) and 
SER spectra exhibit a number of potential dependent peaks (Figures 5.2C and 5.2D) from the 
oxidation products. Figure 5.3 shows baseline-corrected peak intensity changes during the cathodic 
sweep for carboxylate peaks (c, d, h, j, n) present in Figure 5.2C. Peak (l) a(COO-) is excluded 
from this analysis due to challenges coming from overlapping peaks. Between 1.1 V and 0.9 V, 
all five peaks increase in intensity, presumably due to the presence of the large oxidation current 
indicating generation of more products. At 0.9 V, peaks c and d from (C–COO-) decrease in 
intensity while peak (j) s(COO-) maintains its intensity until ca. 0.7 V, where glycerol oxidation 
current no longer flows. On the other hand, peak intensities of (h) (C–O)COO- and (n) (C=O)COO-  
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continuously increase until ca. 0.6 V. Since these peaks may appear when the carboxylate group 
is tilted and is interacting with the surface via one oxygen atom40, the increase in these peak 
intensities suggests the growth of a population of unidentate-bound carboxylate groups as the 
potential is made more negative. The presence of two maxima in Figure 5.3 at ca. 0.55 V and ca. 
0.9 V clearly indicates that two different binding motifs are present.  The first, at 0.9 V is associated 
with a bidentate-bound oxidation product, while the maximum at 0.55 V is associated with a 
unidentate bound set of products.  At potentials more negative than 0.6 V, all peaks decrease their 
intensities, indicating further desorption of the carboxylate groups from the surface.  
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Figure 5.3. Baseline-corrected intensity as a function of electrode potential for peaks arising from 
carboxylate group during the cathodic sweep (from right to left), the first cycle. 
Another group of interesting intensity variations during the cathodic scan is shown in 
Figure 5.4. Peaks shown in this figure (e, f, g) can be assigned to either (C–O) of alcohols30,33,36,37 
or skeletal (C–C)33-35. Baseline-corrected intensity analysis shows that all peaks increase their 
intensities between 1.1 V and 0.9 V, again due to accumulation of products on the surface. For 
peaks f and g, these intensities are maintained until 0.7 V, where glycerol oxidation current no 
longer flows (Figure 5.1), and gradually decrease between 0.7 V and 0.3 V. On the other hand, 
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peak e does not decrease in intensity between 0.9 V to 0.3 V. All three peak intensities show a 
sudden drop at 0.3 V, where ν(CH2) and ν(CH) modes (peaks o, p, q, and s) become apparent in 
the high energy region (Figure 5.2D).   We note as well the disappearance of the complicated 
manifold of C-H stretches (denoted as peaks r and t) and peaks associated with the glycerol 
oxidation products also at ca. 0.3 V. 
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Figure 5.4. Baseline-corrected normalized intensity as a function of electrode potential for (C–
O) and/or (C–C) peaks (e, f, g), and ν(CH) and ν(CH2) peaks (o, p, q, s) during the cathodic 
sweep (from right to left), the first cycle. 
The appearance of peaks o, p, q, and s at or near the pzc (0.19 V) and the corresponding 
disappearance of peaks e, f, and g (along with the COO- - associated peaks in Figure 5.3) suggests 
that negatively charged species are being removed from the electrode surface near the pzc, to be 
replaced by neutral glycerol. Thus, the spectroscopy suggests that at the most positive potentials 
the carboxylate groups of glycerol oxidation products bind mostly in a bidentate fashion, 
developing a unidentate population at intermediate potentials, to be replaced by neutral glycerol 
near the pzc. 
5.3.2 Chemometrics  
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5.3.2.1 Perturbation-Correlation Moving-Window Two-Dimensional Correlation Analysis 
After one full cycle (0.05 V in Figures 5.2C and 5.2D), the SER spectra exhibit intense C-
H bending and stretching modes, and a few additional peaks (such as peak (h) (C–O)COO-) 
compared to the initial spectra obtained at the beginning of the anodic scan (0.05 V in Figures 
5.2A and 5.2B), indicating that the glycerol oxidation products may not fully desorb from the 
electrode surface, although most of the products are likely replaced by neutral glycerol below the 
pzc as described above. Nonetheless, during the second anodic and cathodic polarizations, the 
potential dependent spectral changes resemble those observed during the first cycle (Figure 5.6). 
The richness of the spectra in Figures 5.2 and 5.6 along with their complicated potential 
dependence warrants further examination using Perturbation Correlation Moving Window Two-
Dimensional (PCMW2D) correlation analysis to focus on the potential-dependent intensity 
variations of the peaks. In synchronous PCMW2D plots presented in Figure 5.7, increase in the 
peak intensities are shown as positive gradients and decrease in the peak intensities are shown as 
negative gradients. Unlike the conventional PCMW2D analyses, in this report the cathode plots 
(Figures 5.7C and 5.7D) were multiplied by (-1) to keep the sign conventions same for anodic and 
cathodic scans.  
PCMW2D plots of cycles 1 and 2 presented in Figures 5.5 and 5.7, respectively, exhibit 
same general features although the intensity variations are much stronger in the second cycle. This 
enhanced intensity variations observed in the second cycle may be due to a rougher surface after 
surface oxidation and reduction in the first cycle and/or glycerol oxidation products created in the 
first cycle, which stay near the Ag surface.   
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Figure 5.5. Synchronous PCMW2D plots during anodic (A and B) and cathodic (C and D) Ag 
electrode polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the first cycle. Positive peaks 
(red colors) indicate increase in the peak intensities and negative peaks (blue colors) indicate 
decrease in the peak intensities. 
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Figure 5.6. Potential dependent SER spectra during anodic (A and B) and cathodic (C and D) Ag 
electrode polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the second cycle. Spectra were 
collected every 50 mV between 0.05 V and 1.2 V (vs. RHE). 
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Figure 5.7. Synchronous PCMW2D plots during anodic (A and B) and cathodic (C and D) Ag 
electrode polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the second cycle. Positive 
peaks (red colors) indicate increase in the peak intensities and negative peaks (blue colors) indicate 
decrease in the peak intensities. 
In the synchronous PCMW2D plots during the anodic scan (Figures 5.7A and 5.7B), 
negative correlations are observed for vibrational modes associated with CH and CH2 groups at 
1440 cm-1 ((k) δ(CH2)) and between 2700 and 2950 cm-1 ((o) (C–H) from CH, (p) s(CH2)CH-Ag, 
(q) s(CH2) and (s) a(CH2)) prior to the onset of glycerol oxidation. Interestingly, as the negative 
gradient of the alkyl group peaks disappear at ca. 0.45 V, peak (n) at 1650 cm-1 associated with 
A B 
C D 
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(C=O)COO- appears and this positive gradient extends up to the onset of glycerol oxidation at ca. 
0.7 V. This behavior, which was absent in the first cycle (Figure 5.5A), can be attributed to 
interaction between the Ag surface and carboxylate products created in the first cycle. As the 
oxidation of glycerol begins, multiple positive correlation peaks appear at 1150 cm-1 ((C–C) 
and/or (C–O) from alcohols)33,34, 1298 cm-1 ((h) (C–O)COO-), 1350 cm-1 ((i) δ(COH)), 1400 cm-
1 ((j) s(COO-)), and 1570 cm-1 ((l) a(COO-)), most of which have been observed in the first cycle 
(Figure 5.2) and can be assigned from Table 5.1. Peak (l) a(COO-), whose intensity variation was 
not clearly observed in the raw SER spectra due to overlapping peaks, shows an apparent positive 
gradient in this PCMW2D plot. On the other hand, peaks (c) (C–COO-), (d) (C–COO-), (e) (C–
C); (C–O), (f) (C–C); (C–O), and (g) (C–C); (C–O), present in the raw spectra (Figure 5.6A), 
are not visible in the PCMW2D plot of the anodic scan due to their small intensity variation 
compared to the other peaks.  
During the oxidation of glycerol in the reverse scan (Figure 5.7C), peaks originating from 
unidentate-coordinated carboxylate groups, (h) (C–O)COO-, (l) a(COO-), and (n) (C=O)COO- 
exhibit positive gradients until 0.7 V, followed by corresponding negative gradients. Peak (j) 
s(COO-) from bidentate-coordinated carboxylate groups, on the other hand, exhibits a positive 
gradient ca. 0.9 V and a large negative gradient below 0.7 V, where glycerol oxidation no longer 
occurs. The absence of positive gradient between 0.9 V and 0.7 V indicates the intensity of peak 
(j) s(COO-) remains high in that potential region, and hence there is no changes in the spectral 
gradient to be revealed via PCMW2D. Note that PCMW2D correlation peaks appear only if the 
spectral variables (i.e. peak intensity) on the traditional 1D plot change with the perturbation 
variable (i.e. electrode potential). These intensity variations of carboxylate group peaks closely 
resemble those observed in the first cycle, represented in Figure 5.3. Furthermore, the PCMW2D 
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correlation plot successfully shows intensity variations of peak (l) a(COO-), which is challenging 
to analyze from the raw SER spectra due to overlapping peaks (Figure 5.6).  
At potentials below 0.3V (Figures 5.7C and 5.7D), peaks at 1440 cm-1 ((k) δ(CH2)), 2717 
cm-1 ((o) (C–H) from CH), 2819 cm-1 ((p) s(CH2)CH-Ag), 2854 cm-1 ((q) s(CH2)), and 2918 cm-
1 ((s) a(CH2)) show positive gradients along with negative gradients of peaks at 891 cm-1 ((c) 
(C–COO-)), 930 cm-1 ((d) (C–COO-)), 1064 cm-1 ((e) (C–C); (C–O)), 1100 cm-1 ((f) (C–C); 
(C–O)), 1130 cm-1 ((g) (C–C); (C–O)), as observed in the first cycle (Figure 5.2).  
Overall, the PCMW2D correlation analysis (Figure 5.7) demonstrates that the spectral 
variations in the second cycle closely follows that observed in the first cycle (Figures 5.2 and 5.5), 
and further reveals potential-dependent peaks not clearly seen in the raw SER spectra.  
5.3.2.2 Generalized Two-Dimensional Correlation Spectroscopy 
To achieve better understanding of the structural evolution of adsorbed species, we 
performed generalized two-dimensional correlation analysis in three selected potential ranges: 0.1 
V – 0.3 V, a region where C-H ∙∙∙ Ag interactions dominate; 0.3 V – 0.7 V, a region prior to the 
glycerol oxidation; and 0.7 V – 1.1 V, a region where glycerol oxidation takes place. Synchronous 
and asynchronous two-dimensional correlation spectra (2DCOS) are presented for each potential 
range in Figures 5.8, 5.9, 5.10 and 5.11.  
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Figure 5.8. Synchronous (upper row: A, B, and C) and asynchronous (lower row: D, E, and F) 
2DCOS in the Raman shift region between 800 cm-1 and 1700 cm-1 during the anodic Ag electrode 
polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the second cycle. Corresponding 
potential ranges are indicated for each column: 0.1V – 0.3 V (A and D), 0.3 V – 0.7 V (B and E), 
and 0.7 V – 1.1 V (C and F). 
 
 
 
 
 
 
 
 
 
 
A 
0.1 V – 0.3 V 
B 
0.3 V – 0.7 V 
C 
0.7 V – 1.1 V 
D E F 
137 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. Synchronous (upper row: A, B, and C) and asynchronous (lower row: D, E, and F) 
2DCOS in the Raman shift region between 2500 cm-1 and 3000 cm-1 during the anodic Ag 
electrode polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the second cycle. 
Corresponding potential ranges are indicated for each column: 0.1V – 0.3 V (A and D), 0.3 V – 
0.7 V (B and E), and 0.7 V – 1.1 V (C and F). 
In the potential range between 0.1 V and 0.3 V during the anodic scan, a strong auto-peak 
at 1440 cm-1 is observed in the synchronous 2DCOS (Figure 5.8A), reflecting the decrease in 
intensity of  peak (k) δ(CH2) at the beginning of the anodic scan, as also observed in the 
synchronous PCMW2D correlation plot (Figure 5.7A). Asynchronous 2DCOS (Figure 5.8D) in 
this potential region does not show any noticeable peaks, except a sharp positive correlation at (k) 
δ(CH2) × (e) (C–C); (C–O).  
In the next potential region, from 0.3 V to 0.7 V, both synchronous (Figure 5.8B) and 
asynchronous (Figure 5.8E) 2DCOS show a number of peaks. The results are summarized in Table 
A 
0.1 V – 0.3 V 
B 
0.3 V – 0.7 V 
C 
0.7 V – 1.1 V 
D E F 
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5.2. Overall, negative synchronous correlations are observed between peak (k) δ(CH2) and all 
peaks related to carboxylate (h, j, l, n). By combining the synchronous and asynchronous signals 
in Table 5.2, we can determine the sequential order of spectral intensity changes: (k) δ(CH2) 
disappears → (n) (C=O)COO- appears → (h) (C–O)COO-, (j) s(COO-), and (l) a(COO-) appears. 
Thus, these results indicate that carboxylate group approaches Ag surface as CH2 moves away 
from the surface. While this change could be associated with reorientation of glycerol oxidation 
products created in the first cycle, newly created products in the second cycle will also likely 
reorient.  We note that the PCMW2D plot (Figures 5.5A) in the first cycle also exhibits positive 
gradients associated with carboxylate peaks developing at ca. 0.6 V.  
 
Table 5.2. Signs of synchronous and asynchronous 2DCOS signals obtained during the 
anodic electrode polarization in the range of 0.3 V – 0.7 V (Figures 5.8B and 5.8E). 
crosspeak synchronous asynchronous 
(n) (C=O)COO- × (j) s(COO-) + + 
(n) (C=O)COO- × (l) a(COO-) + + 
(n) (C=O)COO- × (k) δ(CH2) – + 
(l) a(COO-) × (k) δ(CH2) – + 
(k) δ(CH2) × (h) (C–O)COO- – – 
(k) δ(CH2) × (j) s(COO-) – – 
 
 Finally, in the glycerol oxidation potential region, between 0.7 V and 1.1 V, the 
synchronous 2DCOS (Figure 5.8C) shows only positive correlations, indicating all peaks change 
their intensities in the same direction (i.e. all product peaks increase in this potential region). From 
the asynchronous 2DCOS (Figure 5.8F), it can be seen that peak (n) (C=O)COO- changes its 
intensity prior to (l) a(COO-), (j) s(COO-), and (h) (C–O)COO-. 
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 In the higher wavenumber region (Figure 5.9), positive synchronous cross peaks are 
observed among peaks o, p, q, and s  from 0.1 V to 0.7 V (Figures 5.9A and 5.9B) reflecting their 
intensity decrease in this potential region. Moreover, negative asynchronous cross correlations 
observed at (q) s(CH2) × (o) (C–H) from CH, (q) s(CH2) × (p) s(CH2)CH-Ag, (s) a(CH2) × (o) 
(C–H) from CH, and (s) a(CH2) × (p) s(CH2)CH-Ag indicate direct interaction between C–H and 
Ag is removed first as the electrode potential becomes more positive (Figures 5.9D and 5.9E). In 
the potential region of glycerol oxidation, between 0.7 V and 1.1 V (Figures 5.9C and 5.9F), the 
same correlation features are observed except peak (o), which is not present in this potential range.  
 
 
 
 
 
 
 
 
 
Figure 5.10. Synchronous (upper row: A, B, and C) and asynchronous (lower row: D, E, and F) 
2DCOS in the Raman shift region between 800 cm-1 and 1700 cm-1 during the cathodic Ag 
electrode polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the second cycle. 
Corresponding potential ranges are indicated for each column: 0.1V – 0.3 V (A and D), 0.3 V – 
0.7 V (B and E), and 0.7 V – 1.1 V (C and F). 
 
A 
1.1 V – 0.7 V 
B 
0.7 V – 0.3 V 
C 
0.3 V – 0.1 V 
D E F 
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Figure 5.11. Synchronous (upper row: A, B, and C) and asynchronous (lower row: D, E, and F) 
2DCOS in the Raman shift region between 2500 cm-1 and 3000 cm-1 during the cathodic Ag 
electrode polarization in 0.1 M NaOH + 0.1 M glycerol electrolyte, the second cycle. 
Corresponding potential ranges are indicated for each column: 0.1V – 0.3 V (A and D), 0.3 V – 
0.7 V (B and E), and 0.7 V – 1.1 V (C and F). 
Once the scan is reversed, synchronous 2DCOS in the potential range between 1.1 V and 
0.7 V (Figure 5.10A) exhibits a number of strong positive correlations associated with emergence 
of the peaks as the oxidation resumes. The asynchronous 2DCOS (Figure 5.10D) show distinct 
positive crosspeak at (j) s(COO-) × (h) (C–O)COO- and negative crosspeaks at (k) δ(CH2) × (j) 
s(COO-), (l) a(COO-) × (j) s(COO-), and (n) (C=O)COO- × (j) s(COO-). These synchronous 
and asynchronous correlations suggest the appearance of peak (j) s(COO-) prior to peaks (h) (C–
O)COO-, (l) a(COO-), (n) (C=O)COO- and (k) δ(CH2). Synchronous 2DCOS in the higher 
wavenumber region (Figure 5.11A) show positive correlations among peaks p, q, r, s, t, reflecting 
complicated manifolds of CH2 stretching modes from oxidation products. Negative asynchronous 
A 
1.1 V – 0.7 V 
B 
0.7 V – 0.3 V 
C 
0.3 V – 0.1 V 
D E F 
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correlations between (CH2) modes (q, r, s, t) and (p) (C–H) from CH2 indicate peak p appears 
prior to q, r, s, t (Figure 5.11D). Here, peak (o) (C–H) from CH is absent. 
From 0.7 V to 0.3 V, a positive synchronous correlation is observed at (n) (C=O)COO- × 
(j) s(COO-) and a negative synchronous correlation at (m) δ(HOH) × (j) s(COO-), indicating 
peaks (j) s(COO-) and (n) (C=O)COO- change their intensities in the same direction, which is 
opposite to that of peak (m) δ(HOH) (Figure 5.10B). Positive and negative asynchronous 
correlations observed at (n) (C=O)COO- × (m) δ(HOH) and (n) (C=O)COO- × (j) s(COO-), 
respectively, further reveal that peak (j) s(COO-) changes prior to peak (n) (C=O)COO- and peak 
(n) (C=O)COO- changes prior to peak (m) δ(HOH) in this potential range (Figure 5.10E).  
In the last potential range of the cathodic scan, from 0.3 V to 0.1 V, peaks (c) (C–COO-), 
(d) (C–COO-), (e) (C–C); (C–O), (f) (C–C); (C–O), (g) (C–C); (C–O), (h) (C–O)COO-, 
(j) s(COO-), (l) a(COO-), and (n) (C=O)COO- exhibit negative synchronous correlations with 
peak (k) δ(CH2), while having positive correlations among themselves (Figure 5.10C). Moreover, 
peak (k) δ(CH2) shows negative asynchronous correlations with all the peaks listed above (Figure 
5.10F). These synchronous and asynchronous correlations show that peak (k) δ(CH2) increase its 
intensity before the intensities of other skeletal and carboxylate peaks from oxidation products 
decrease in this potential range.  
Synchronous 2DCOS plots between 0.7 V and 0.1 V in the cathodic scan (Figures 5.11B 
and 5.11C) resemble those in the same potential range during the anodic scan: positive cross peaks 
among o, p, q, s, indicating intensity changes in the same direction. The asynchronous plots 
(Figures 5.11E and 5.11F) are also similar to their anodic counterpart, with opposite signs in the 
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peaks. By combining synchronous and asynchronous signs, we conclude peaks o and p appear 
after peaks r and s.  
 From the 2DCOS analysis, we propose an evolution in functional group potential-
dependent molecular orientations on Ag surface during glycerol oxidation (Figure 5.12). In the 
beginning of the anodic scan, glycerol molecules are adsorbed on the surface via CH and CH2 
groups. This strong CH∙∙∙Ag interactions observed at negative electrode potentials are removed as 
the electrode potential becomes more positive, as evidenced from the intensity decrease of the C–
H stretching modes directly interacting with Ag surface via H atom. Moreover, this intensity 
decrease is faster compared to that of other (CH2) peaks at higher wavenumbers, indicating direct 
CH∙∙∙Ag interactions are removed before removal of other methylene groups.. This behavior 
suggests that partial charge transfer from Ag electrode to adsorbed CH may be present and is 
responsible for the strong CH∙∙∙Ag interactions observed at negative potentials. Previous 
theoretical and experimental studies on perturbed C–H bonds upon adsorption on metal surfaces 
showed that there is a significant interaction between metal substrate and the alkane adsorbates 
involving charge transfer.51,52   
As the potential is made more positive, loss of intensity associated with CH and CH2 groups 
is followed by emergence of carboxylate groups from glycerol oxidation products.  Interestingly, 
(C=O)COO- modes appear before other vibrational modes from carboxylates (i.e. (C–O)COO-, 
s(COO-), and a(COO-)). This sequential order suggests that carboxylate groups from the 
oxidation products initially bind to the surface via the C=O oxygen atom, which does not have a 
negative charge, and then become more bidentate-coordinated at more positive potentials where 
COO-∙∙∙Ag interaction will be stronger. (C–O)COO- with a more anionic character appears later 
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than (C=O)COO-. 
During glycerol oxidation in the cathodic scan, the s(COO-) modes increase in intensity 
prior to all the other carboxylate peaks, indicating bidentate coordination dominates initially at 
positive potentials, following which  unidentate coordination develops as the potential becomes 
more negative. Once the glycerol oxidation stops at potentials below 0.7 V, s(COO-) intensity 
decreases followed by (C=O)COO-. As the electrode potential becomes further negative, CH2 
peaks start to appear while the product peaks decrease at a slower rate. Once the electrode potential 
becomes sufficiently negative, direct CH∙∙∙Ag interactions emerge. Thus, in general, the molecular 
reorientation in the cathodic scan exhibits the opposite trend from that in the anodic scan.  
 
Figure 5.12. Proposed potential-dependent surface bound functional group configurations from 
glycerol and its oxidation products on Ag. C atoms are shown in gray, O in red, and H in white. 
Purple represent other functional group(s) in the molecule. 
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5.4 Conclusions 
 To summarize, in situ SER spectra obtained during electrooxidation of glycerol on Ag 
provide valuable information on the oxidation products: (1) presence of carboxylate group; (2) 
presence of at least two carbon atoms with a high probability of three; (3) presence of CH2 group; 
and (4) absence of carbonyl group from aldehydes or ketones. Thus, among the possible oxidation 
products, glyceric acid and glycolic acid are most likely. Detailed peak intensity analysis and 
2DCOS analysis of the SER spectra show that at potentials below 0.3 V, interactions between alkyl 
groups of glycerol and Ag surface dominate, which can be correlated to the pzc of Ag. Moreover, 
alkyl groups directly bound to the Ag surface are pronounced at negative potentials, indicating 
possible charge transfer between Ag and alkyl groups resulting in strong CH∙∙∙Ag interactions and 
redshift of C–H stretching modes. Carboxylate groups of the glycerol oxidation products show two 
different binding configurations: unidentate coordination via oxygen atom on C=O of carboxylate 
is favored at less positive potentials, and a higher population of bidentate-coordinated carboxylates 
exist at more positive potentials.  
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Appendix A 
 
Effect of Additives on Surface Stress Development in Copper Electrodeposits 
 
A.1 Introduction 
 Electrodeposition of Cu is one of the most widely applied electroplating technology. For 
example, introduction of Cu interconnects in semiconductor integrated circuits by IBM in 1997 
shifted the paradigm of the semiconductor industry.1-3 Cu interconnects are fabricated via 
damascene (or dual damascene) electroplating process, where void-free “superfilling” of trench 
and via is achieved in the presence of organic additives.2-4 Conventional CuSO4-based 
electroplating bath additives include suppressors (e.g. chloride and polyethylene glycol), 
accelerators (e.g. bis(sodiumsulfopropyl) disulfide), and levelers (e.g. benzotriazole and Janus 
Green B).  
 Surface stress is one of the properties that determine the quality of thin films.5-8 For 
example, surface and interface stresses of thin films created during film growth result in intrinsic 
stress, which can cause altered physical properties or cracking of the film. Thus, surfaces stress 
development during metal deposition processes, both in ultra-high vacuum and electrochemical 
environments, has been extensively studied to elucidate deposition mechanisms and to evaluate 
film properties.6-18  
 While surface stress development during Cu electrodeposition on Au from CuSO4-based 
electrolyte has been previously reported,14-17,19 effect of additives on the stress development in Cu 
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electrodeposits is not well understood. In this section, in situ surface stress development during Cu 
electroplating from electrolytes containing different additives is examined. Further, the origin of 
different stress development is analyzed with X-ray diffraction (XRD) patterns of the 
electrodeposits.  
 
A.2 Experimental 
 Electrochemical measurements were performed with a 6002E Electrochemical 
Workstation (CH Instruments, Austin, TX) and the in situ surface stress response was monitored 
with an optical setup described previously.20,21 Working electrodes were fabricated by electron-
beam physical vapor deposition of 20 nm Ti adhesion layer followed by 150 nm Au on one side 
of borosilicate glass microscope coverslips (Gold Seal No. 1, 150 μm thick). The Au cantilever 
electrodes were annealed with a H2 flame prior to use. Reference electrode was a leakless Ag/AgCl 
electrode (eDAQ) and counter electrode was a coiled Cu wire (Alfa Aesar, 99.999%). The counter 
electrode was separated from the working and reference electrodes with a fluorinated anion-
exchange membrane (fumatech). Electrolytes were prepared from 0.1 M H2SO4 (J.T. Baker, 
ULTREX II) and 0.01 M CuSO4 (Sigma-Aldrich, 99.999%) in Milli-Q water (Millipore, > 18 MΩ 
cm), with 1 mM HCl (J.T. Baker, ULTREX II), 1 mM poly(ethylene glycol) dimethyl ether (PEG, 
Sigma-Aldrich, average Mn ~2,000), and/or 1 mM bis(3-sulfopropyl)-disulfide (SPS, Atotech) as 
additives. The electrolytes were sparged with Ar gas (99.999%, S.J. Smith) prior to measuring 
cyclic voltammograms (CV) at a scan rate of 5 mV/s. Refractive index of the electrolytes used for 
surface stress measurements were measured with Rafracto 30GS (Mettler Toledo) and are listed 
in Table A.1. All experiments were carried out at room temperature.  
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 X-ray diffraction (XRD) measurements were performed with PANalytical Philips X’pert 
MRD system equipped with a Cu K-a source at 0.15418 nm and a Ni filter monochromator located 
in the Frederick Seitz Materials Research Laboratory at the University of Illinois at Urbana-
Champaign. All scans were taken at a rate of 0.1°/sec. For grazing incidence 2θ scans ω was fixed 
at 1°.  
Table A.1. Refractive index of electrolytes used for surface stress measurements. 1 mM of 
additive(s) were added to 0.1 M H2SO4 and 0.01 M CuSO4. 
electrolyte refractive index 
H2SO4 + CuSO4 + HCl 1.335 
H2SO4 + CuSO4 + SPS + HCl 1.333 
H2SO4 + CuSO4 + PEG + HCl 1.334 
H2SO4 + CuSO4 + SPS + PEG + HCl 1.335 
 
A.3 Results and Discussion 
 Figure A.1 shows electrochemical surface stress measurements carried out in four different 
copper plating electrolytes. In the cathodic scan, underpotential deposition (upd) of copper ca. 0.2 
V is shown as tensile to compressive ΔStress response, which results from a more negative 
potential of zero charge (pzc) of Cu compared to that of Au. According to the charge distribution 
model suggested by Ibach, adsorption of Cu2+ cations on Au surface prior to upd induces tensile 
ΔStress and adsorption of SO42- anions on the Cu monolayer surface induces compressive 
ΔStress.14-16 While this upd behavior is observed in all electrolytes with similar magnitudes, 
distinct ΔStress responses are observed during bulk deposition of Cu for different additive systems.  
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 In Figure A.1a where only HCl is present without any organic additives, a tensile ΔStress 
starts to develop when the bulk Cu deposition begins at ca. 0 V. This tensile ΔStress continues 
during Cu deposition in the reverse (anodic) scan, with a smaller magnitude of stress-potential 
slope compared to that observed during the cathodic scan. At higher potentials where Cu is 
oxidized, a compressive ΔStress develops and a sharp tensile ΔStress is observed at the end of the 
Cu stripping peak in the CV. In the presence of SPS (Figure A.1b), tensile ΔStress during the bulk 
Cu deposition is greatly reduced and consequently compressive ΔStress during the Cu stripping is 
diminished. The CV shows a slightly higher deposition peak current at ca. 0 V in the cathodic scan 
and a broader stripping peak compared to the CV measured in the electrolyte with only HCl (Figure 
A.1a). For the PEG+HCl system (Figure A.1c), Cu deposition current is greatly suppressed. 
However, corresponding surface stress response exhibits greater magnitudes in both tensile 
ΔStress during Cu deposition and compressive ΔStress during Cu stripping than those observed 
without PEG. When SPS, PEG, and HCl are present as additives (Figure A.1d), CV and stress 
response resemble those obtained from SPS+HCl electrolyte (Figure A.1b).  
 
Figure A.1. Cyclic voltammograms at 5 mV/s (upper row) and corresponding surface stress 
responses (lower row) during Cu electrodeposition and stripping on Au cantilever electrodes from 
electrolytes containing 0.1 M H2SO4 + 0.01 M CuSO4 and 1 mM additives as indicated: (a) 1 mM 
HCl; (b) 1mM SPS + 1 mM HCl; (c) 1mM PEG + 1 mM HCl; and (d) 1mM SPS + 1 mM PEG + 
1 mM HCl. 
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 Surface stress development during bulk Cu deposition was further examined with 
chronocoulometry. Two deposition potentials (Edep), -0.2 V corresponding to the negative limit in 
the CVs and 0 V where peak current of the Cu deposition is observed in the cathodic scan (-0.05 
V for PEG+HCl system due to suppressed deposition), were tested for each additive system and 
the results are shown in Figure A.2. During the bulk Cu deposition at -0.2 V (Figure A.2a), a tensile 
ΔStress initially develops, which is attributed to nuclei coalescence and grain boundary 
formation.15,16 Then, as the deposition continues, ΔStress becomes compressive. The origin of this 
compressive stress development is still unclear although various models have been suggested: 
Chason proposed insertion of atoms at grain boundaries and Friesen et al. suggested high atomic 
scale surface defect concentrations as a source of the compressive stress.8,17,22-25 While all four 
systems show initial tensile ΔStress followed by compressive ΔStress development, the 
magnitudes differ among the additives. First, the initial tensile ΔStress magnitudes show a similar 
trend observed in the stress response during cathodic potential sweep in the CVs: PEG+HCl system 
exhibits the largest tensile ΔStress, followed by HCl system; SPS+HCl and SPS+PEG+HCl 
systems show similar magnitudes of tensile ΔStress which is much smaller than that of the other 
two systems. After this initial tensile ΔStress, HCl system develops a compressive ΔStress. This 
compressive ΔStress is negligible in PEG+HCl system, while the presence of SPS markedly 
accelerates the compressive ΔStress evolution. This ΔStress response observed during the bulk Cu 
deposition at -0.2 V clearly reveals the different effect of additives.  
  At a more positive deposition potential, however, the magnitude of ΔStress development 
is substantially decreased and no clear difference among the additives can be seen (Figure A.2b). 
Such deposition potential dependence of ΔStress evolution has been previously observed in 
H2SO4+CuSO4 electrolyte, where a greater tensile ΔStress development at a more negative 
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deposition potential was reported. This behavior was attributed to higher nucleation densities at 
higher overpotentials.15,16,19   
 
  
Figure A.2. Surface stress development during Cu deposition on Au cantilever electrodes from 
electrolytes containing 0.1 M H2SO4 + 0.01 M CuSO4 and 1 mM additives as indicated. The 
electrode potential was stepped from 0.45 V to a deposition potential (Edep) of (a) -0.2 V and (b) 0 
V (-0.05 V for PEG+HCl). (a) and (b) are plotted with the same y-axis range for comparison, and 
the inset of (b) shows a closer look.   
 To unravel the origin of different ΔStress development observed in the presence of 
different additives and to obtain a better understanding of the effect of deposition potentials, XRD 
2θ-ω scans of the electrodeposits obtained under different conditions were measured. XRD 
patterns presented in Figure A.3a show that all Cu films deposited at -0.2 V exhibit a strong {111}-
oriented texture regardless of additives. On the other hand, at a more positive overpotential (Figure 
A.3b), all samples exhibit (200) peak along with (111) and (222) peaks, and this (200) peak 
development is most pronounced in the HCl system. Systems containing SPS further exhibit (311) 
peak. 
 Moreover, grazing incidence XRD (GIXRD) spectra were collected with ω fixed at 1° and 
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the results are presented in Figure A.4. Here the Au substrate peaks are significantly diminished 
due to a shallower probe depth of GIXRD relative to the 2θ-ω scans. Moreover, GIXRD patterns 
from all samples exhibit multiple peaks associated with different crystal planes of Cu, which 
warrant a further examination of the surface texture using pole figure.  
Figure A.3. XRD patterns of Cu films deposited at (a) -0.2 V and (b) 0 V (-0.05 V for PEG+HCl) 
with different additives as indicated in the figure. Peaks from the Au substrate are not assigned.   
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Figure A.4. Grazing incidence XRD patterns of Cu films deposited at (a) -0.2 V and (b) 0 V (-
0.05 V for PEG+HCl) with different additives as indicated in the figure. ω was fixed at 1°. Peaks 
from the Au substrate are not assigned. 
 Figure A.5 presents pole figures of Cu films deposited from HCl and SPS+HCl systems at 
two different deposition potentials of -0.2 V and 0 V. The pole figures of Cu films deposited at -
0.2 V (Figures A.5a and A.5c) indicate a <111> fiber texture (i.e. a well oriented (111) grains in 
the surface normal direction but with a random distribution26), which can be seen from a strong 
center pole and a circular intensity distribution at ψ tilt ~70° in the (111) pole figure. In addition, 
(200) and (220) pole figures do not have a center pole but show ring intensities at ψ tilt ~55° and 
~35°, respectively, which is the angle between <111> and each plane in cubic structures. The ring 
intensities exhibit a stronger intensity at two φ angles which are 180° apart. This is due to the shape 
of Cu film samples deposited on cantilever electrodes, which is approximately 4 mm in width and 
20 mm in length. Cu films deposited at 0 V (Figures A.5b and A.5d), on the other hand, do not 
exhibit a fiber texture. Particularly, Cu electrodeposit from HCl system exhibits a center pole in 
both (111) and (200) pole figures. 
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Figure A.5. Pole figures of Cu films deposited at -0.2 V (a and c) and at 0 V (b and d) with HCl 
(a and b) and SPS+HCl (c and d) as additives in the electrolyte.  
  While pole figures provide valuable information on the film texture and complement 
observations from the XRD patterns, no correlation between film crystal structure and ΔStress (i.e. 
additive effects) can be found. This result suggests that techniques which are more surface 
sensitive and are capable of analyzing microstructures, such as electron backscatter diffraction 
(EBSD), could provide information more related to the surface stress development.  
 
A.4 Conclusions 
 Surface stress development during Cu electrodeposition shows a deposition potential- and 
additive-dependent behavior. When the measurements are taken via cyclic voltammetry, a tensile 
ΔStress develops during the bulk Cu deposition in the cathodic scan and continues in the reverse 
(anodic) scan. The magnitude of this tensile ΔStress varies among the additives, following the 
order of PEG+HCl > HCl >> SPS+HCl and SPS+PEG+HCl. Once the Cu film starts to be oxidized, 
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a compressive ΔStress develops which has a similar magnitude to that of the tensile ΔStress 
developed during the deposition.  
 During the Cu deposition via chronocoulometry, an initial tensile ΔStress develops 
followed by a compressive ΔStress in all four systems. The initial tensile ΔStress magnitude is 
significantly larger in HCl and PEG+HCl systems relative to SPS+HCl and SPS+PEG+HCl 
systems, which is the same trend observed in cyclic voltammetry measurements. The magnitudes 
of compressive ΔStress evolution, on the other hand, follow an opposite trend: SPS+PEG+HCl > 
SPS+HCl >> HCl > PEG+HCl. This tensile and then compressive ΔStress evolution during the Cu 
deposition is significantly attenuated at a more positive deposition potential.  
 Although the direction and the magnitude of ΔStress observed during Cu deposition at a 
deposition potential of -0.2 V vary among the different additive systems, XRD patterns and pole 
figures show that all Cu films show a <111> fiber texture despite the presence of different additives 
in the electrolytes. Cu films deposited at a more positive deposition potential exhibit a more 
randomly oriented texture. Thus, while the XRD analysis suggests a correlation between 
deposition potential and texture of the Cu film, it does not provide clear information on the origin 
of different ΔStress evolution during the Cu deposition in the presence of different additives. 
Therefore, a more surface sensitive and microstructural characterization techniques need to be 
employed to obtain information relevant to the ΔStress development during Cu deposition. 
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Appendix B 
 
Electrochemical Surface Stress Measurement Cell Designs 
 
B.1 Kel-F Cell for Aqueous Systems 
 
Figure B.1. Front and top view, including the electrode holder, of the Kel-F cell for aqueous 
systems.  
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Figure B.2. Side and back view of the Kel-F cell for aqueous systems.  
 
 
 
Figure B.3. Two-compartment cell adaptor.  
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B.2 Kel-F Cell with Reduced Volume for Non-aqueous Systems 
 
Figure B.4. Front, top, side, and back view of the Kel-F Cell with reduced volume for non-aqueous 
systems. 
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B.3 Quartz Cell  
 
Figure B.5. Front, top, side, and back view of the quartz cell for two-electrode systems. Semi-
micro spectrophotometer cell (Spectrosil® Quartz) with stopper was purchased from Starna 
Cells, Inc. (Item# 29-Q-50). 
 
 
164 
 
 
Figure B.6. Kel-F electrode holder for the quartz cell. 
 
 
Figure B.7. Stainless steel electrode holder for the quartz cell. 
 
